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ABSTRACT 
 
 Fecal indicator bacteria (FIB) such as Escherichia coli and enterococci are used to 
assess microbiological water quality in recreational waters worldwide. FIB are used with 
the assumption that their presence correlates with that of fecal-associated pathogens in 
recreational waters. In aquatic habitats, several factors can interfere with the predictive 
relationship between FIB and pathogens including extended survival of FIB in secondary 
habitats such as sediment, vegetation and sand. Furthermore, many biotic (e.g. predation 
from bacterivorous protozoa and competition from indigenous bacteria) and abiotic 
factors (e.g. temperature, salinity, ultraviolet (UV) light irradiation, and nutrient 
availability) can influence the fate of FIB and pathogens associated with gastrointestinal 
tracts of animals (enteric pathogens) in secondary habitats. The relative importance of 
these factors is not well characterized, thus limiting our knowledge on the efficacy of FIB 
as indicators of fecal contamination and microbial pathogens in water. 
 The studies presented in this dissertation investigated the influence of biotic 
(predation from bacterivorous protozoa and competition from indigenous bacteria) and 
abiotic factors (e.g. nutrient availability) on the survival of FIB (E. coli and Enterococcus 
faecalis) and pathogens (E. coli O157 and Salmonella enterica) in aquatic habitats. Water 
and sediment samples were collected from a fresh water river source (Hillsborough 
River, Tampa, FL) and used to prepare a series of outdoor mesocosm experiments. In 
each experiment, biota treatments were varied to include various combinations of 
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predation and competition, both or neither. Manipulation of biota treatments involved 
disinfection of water and baking of sediments to remove indigenous microbiota, or 
addition of cycloheximide or kanamycin to diminish the effect of predation from natural 
protozoa or competition from indigenous bacteria respectively. Bacterial levels in all 
experiments were monitored over a five day period.   
In the mesocosms investigating the effect of predation and competition on FIB (E. 
coli and Ent. faecalis) and a pathogen (E. coli O157:H7), predation had a detrimental 
effect on the survival of the FIB and pathogen in the water column but only influenced 
the survival of the FIB in the sediment. Unlike predation, competition from indigenous 
bacteria influenced the survival of E. coli but not Ent. faecalis in both water and 
sediment.  
The second set of mesocosms investigated the effect of predation on two motile 
and non-motile enteric bacteria types (E. coli O157 and S. enterica), each with a motile 
and non-motile counterpart. An allochthonous predation source (Tetrahymena pyriformis) 
was added into the mesocosms to supply a consistent level of predation. Motility had a 
significant positive effect on the survival of S. enterica in the water and sediment but had 
negative significant effect for E. coli O157 in sediment only. Motility also played a more 
important role in the sediment compared to predation while predation played a more 
important role in the water column for both bacteria types. The third study compared the 
relative effects of predation, competition and nutrients on the survival of E. coli. Natural 
waters (not amended with nutrients) served as a baseline condition to which organic 
nutrients were added in two increments. Significant interactions among predation, 
nutrients and competition (all possible combinations) were observed. Interactions 
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between predation and nutrients as well as competition and predation also accounted for 
the greatest effects (10% and 8% respectively). The interaction between predation and 
competition was particularly pronounced at the highest nutrient level. 
These studies reveal that predation, competition and nutrients are all important 
factors in the survival of FIB and enteric bacteria in water and sediment, and provide new 
observations on the relative magnitude of these effects. I show that survival 
characteristics of FIB and enteric bacteria in secondary habitats can vary depending on 
bacteria type (FIB or pathogen), location (water or sediment), prey characteristics (motile 
or non-motile) and specific environmental stressor present (predation, competition or 
nutrients). The findings of this dissertation provide new insights on the ecology of FIB 
and enteric bacteria in secondary habitats and underscore the importance of biotic and 
abiotic factors as determinants of the fate of FIB and enteric bacteria in secondary 
habitats. 
1 
   
 
 
 
CHAPTER 1: BACKGROUND AND OVERVIEW OF RESEARCH 
 
Chapter Overview 
 Fecal indicator bacteria (FIB) such as Escherichia coli and enterococci are used to 
monitor microbiological water quality of surface waters by regulatory agencies 
worldwide. Their survival is influenced by various factors including biotic (e.g. predation 
from natural protozoa and competition from natural bacteria) and abiotic (e.g. 
temperature, salinity, ultraviolet (UV) light irradiation, nutrient availability) stressors. 
Relative to abiotic factors such as sunlight, the effects of biotic factors such as predation 
by bacterivorous protozoa and competition from indigenous bacteria on FIB survival are 
poorly characterized. The primary objectives of this research were to: 1)  investigate the 
effects of predation and competition in environmental water and sediment on the survival 
of FIB (E. coli and Enterococcus faecalis) and pathogens (E. coli O157:H7) ; 2)  
characterize how prey characteristics, i.e. motility, can influence the survival of enteric 
bacteria (Salmonella enterica and E. coli O157) in secondary habitat and 3) assess the 
effect of nutrient levels on the relative contribution of predation and competition to E. 
coli survival. In this chapter, I review literature pertinent to the above objectives. 
FIB Use and Characteristics 
Surface waters used for drinking and recreational purposes receive inputs from 
various sources including runoff from urban and agricultural areas, storm drains, leaky 
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septic systems, and sewage effluent (Ritter et al., 2002; Field and Samadpour, 2007). 
These sources contain various fecal associated pathogens including bacteria (e.g. E. coli 
O157, Camplobacter, Salmonella, Shigella), viruses (e.g. noroviruses, enteric viruses, 
adenoviruses, rotaviruses) and protozoa (e.g. Cryptosporidium, Giardia, microsporidia), 
that can impair the microbiological water quality of surface waters (Ford, 1999; Leclerc 
et al., 2002; Rompré et al., 2002; Yoder et al., 2008; Hlavsa et al., 2011). The presence of 
microbial contaminants in recreational waters poses a significant threat to human health 
(Leclerc et al., 2002; Wade et al., 2003; Wade et al., 2006; Soller et al., 2010a; Hlavsa et 
al., 2011), and can lead to various serious health conditions including gastrointestinal 
illnesses, skin infections, respiratory illnesses and neurological infections (Hlavsa et al., 
2011; Hall et al., 2013). Gastrointestinal illness (e.g. cryptosporidiosis, vibriosis, 
norovirus, campylobacteriosis, shigellosis, giardiasis and salmonellosis) account for the 
majority of the illnesses attributed to recreational water use in the United States (Leclerc 
et al., 2002; Soller et al., 2010a; Hlavsa et al., 2011; Hall et al., 2013). Besides the threat 
of fecal contamination, inputs from point and non-point sources can also bring other 
concerns including excess nutrient loading (nitrate and phosphorous), which can lead to 
the proliferation of FIB and pathogens in surface waters (USEPA, 2000) 
The ideal way to determine the presence of fecal-associated pathogens would be 
to measure pathogens directly from the water. Enumerating FIB directly is difficult for 
several reasons: mainly,, a vast array of pathogens are known to be present in recreational 
waters ranging from bacteria, viruses and protozoa, and their concentrations can be low 
or vary greatly over time and over space (Ford, 1999; Leclerc et al., 2002; Field and 
Samadpour, 2007; Harwood et al., 2013). Furthermore, there are numerous technical and 
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cost limitations associated with culturing most pathogens (Field and Samadpour, 2007; 
Byappanahalli et al., 2012b; Harwood et al., 2013). Since it is impractical to assess the 
presence of each individual pathogen, a surrogate group of fecal-associated bacteria that 
are commonly known as fecal indicator bacteria (FIB) are used to predict the presence 
waterborne pathogens and the risk of illness associated with recreational waters (USEPA, 
2003b; Dorevitch et al., 2010).  
FIB are commonly found in the gastrointestinal tract of warm blooded animals 
and are typically non-pathogenic (Griffin et al., 2001; Leclerc et al., 2001). Commonly 
used FIB for monitoring the presence of fecal contamination in drinking and recreational 
waters include fecal coliforms, E. coli and enterococci (USEPA, 1986, 2003b). The 
recommended FIB for monitoring recreational fresh waters according to the U.S. 
Environmental Protection Agency (EPA) is E. coli, a member of the fecal coliform group, 
and the enterococci for both fresh and saline recreational waters (USEPA, 1986, 2003b). 
Florida uses fecal coliforms to monitor fecal contamination in recreational waters and for 
total maximum daily load (TMDL) assessment, and enterococci for coastal beach 
monitoring (FAC, 2010; NDRC, 2013). Some Florida counties still test for fecal 
coliforms in addition to enterococci in marine waters (FAC, 2010; NDRC, 2013). Florida 
also uses fecal coliforms for classification of shell fishing waters (FAC, 2012).  
Total coliforms are Gram-negative, facultative anaerobes which include 
Escherichia, Klebsiella, Citrobacter and Enterobacter spp. This group is defined in part 
by the ability to ferment lactose and produce acid and gas at 35ºC, and is primarily used 
for monitoring drinking water quality in developed countries (Leclerc et al., 2001; 
Rompre et al., 2002). While most originate from the gastrointestinal tracts of warm 
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blooded animals and birds, some total coliform genera are ubiquitous in natural 
environments e.g. in soil, vegetation, farm produce, insects and wooded reservoirs 
(Campbell et al., 1976; Huntley et al., 1976; Caplenas et al., 1981; Bagley, 1985).   
Fecal coliforms are a thermotolerant subset of the total coliform group that are 
distinguished by their ability to grow at a higher temperature than total coliforms 
(44.5ºC). Thermotolerant coliforms originating from fecal sources primarily consist of E. 
coli (90%), and also include some Klebsiella spp and Enterobacter spp (APHA, 1992). 
Some Klebsiella spp have been associated with non-fecal sources including paper and 
pulp mills (Bagley, 1985; Gauthier and Archibald, 2001), making them less than ideal 
markers of recent fecal contamination. Most E. coli strains are differentiated from rest of 
the fecal coliforms by their ability to break down 4-methylumbelliferyl- β D- glucuronide 
(MUG) to yield a fluorogenic compound (Rompre et al., 2002); however, E. coli O157 
strains lack the ability to hydrolyze MUG (Doyle and Schoeni, 1984) and ferment 
sorbitol (with some exceptions) (Wells et al., 1983; Karch and Bielaszewska, 2001). They 
also lack the ability to grow at elevated temperatures (44.5ºC) within 24 hours (Wells et 
al., 1983; Doyle and Schoeni, 1984; Diaz et al., 2011).  E. coli O157 has an optimum 
growth temperature of 37 ºC and a maximum growth temperature of 41ºC (Doyle and 
Schoeni, 1984; Raghubeer and Matches, 1990). The difference in the ability to ferment 
sorbitol is used to differentiate between wild type E. coli and E. coli O157 in selective 
differential media e.g. in sorbitol McConkey agar (SMAC) where lactose is replaced with 
sorbitol (March and Ratnam, 1986). Sorbitol-fermenting (SF) E. coli O157 are often hard 
to distinguish from wildtype E. coli on SMAC alone; therefore, additional methods 
including genotyping for stx genes are often used concurrently with SMAC to 
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differentiate/isolate SF E. coli O157 (Karch and Bielaszewska, 2001). Sorbitol-
fermenting E. coli O157 strains are also non-motile (Karch and Bielaszewska, 2001; 
Wick et al., 2005).  
Enterococci are Gram-positive, ovoid shaped, non-spore forming, obligately 
fermentative bacteria (Gilmore, 2002). Most species have an ideal growth temperature of 
approximately 35ºC; however; they can typically grow within a range of 10-45ºC 
(Gilmore, 2002). They are unusual because of their ability to grow in 6.5% NaCl and to 
hydrolyze esculin in the presence of 40% bile-esculin medium (Gilmore, 2002). Most 
Enterococcci species are non-motile but there are some that are some that are motile e.g. 
Ent. gallinarum and Ent. casseliflavus (Gilmore, 2002).  
Relationship between FIB and Pathogens 
The indicator bacteria concept is based on studies that have demonstrated a 
correlation between FIB levels and risk of illnesses due to recreational water use (Cabelli, 
1983; USEPA, 1986). Some recent studies have supported this relationship; e.g. Wade et 
al. (2003) conducted a meta-analysis that showed correlations between the concentration 
of FIB (E. coli or enterococci) and an increased probability of human illness. E. coli was 
better correlated with human illness in fresh water while enterococci was better 
correlatedin marine waters. Wade et al. (2006) also showed a correlation between cases 
of gastrointestinal illnesses and enterococci concentrations in Lake Erie and Lake 
Michigan. In contrast, numerous studies have shown a lack of correlation between FIB 
concentrations and gastrointestinal illnesses. For example, FIB showed a poor correlation 
with some pathogens e.g. Salmonella, Campylobacter, Cryptosporidium, and human  
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enteroviruses (Rhodes and Kator, 1988; Harwood et al., 2005). Harwood et al. (2005) 
showed lack of a correlation between indicators (total coliforms, fecal coliforms, and 
coliphage) and pathogens (e.g. enteric viruses, Cryptosporidium and Giardia) (Harwood 
et al., 2005). Colford et al. (2007) reported a higher incidence of diarrhea and skin rashes 
in swimmers compared to non-swimmers at a storm water-impacted beach; however, 
there was no correlation between the presence of GI illness and conventional FIB 
(Colford et al., 2007). Poor correlation with viruses is of the most concern because 
viruses are often linked with  gastrointestinal illnesses (Hlavsa et al., 2011; Hall et al., 
2013), and most have low infectious doses (Leclerc et al., 2000). Lack of a correlation 
between FIB and pathogens brings into question the validity of the indicator concept, i.e. 
whether it should be linked with the presence of gastrointestinal illnesses in recreational 
waters (Boehm, 2009).  
The disconnect between FIB concentrations and pathogens is attributed to various 
factors. Mainly, this disconnect can arise because the fate of FIB and pathogens in the 
environment is influenced by many factors including the biology of the organisms, the 
biology of the ecosystem, and the physical-chemical aspects of the environment 
(Byappanahalli et al., 2012b; Harwood et al., 2013). For example, FIB can become 
“naturalized,” meaning that they establish reproducing populations in secondary 
environments including ambient waters, sediment and vegetation (Byappanahalli et al., 
2003b; Anderson et al., 2005; Byappanahalli et al., 2006; Ishii et al., 2006a; Ishii et al., 
2006b; Ishii et al., 2007; Hartz et al., 2008; Badgley et al., 2010b; Korajkic et al., 2013a). 
Some studies have shown that FIB and pathogens do not follow the same survival 
patterns in secondary habitats, i.e. some pathogens are less susceptible to environmental 
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stressors such as predation (Jenkins et al., 2011a; Staley, 2013). Most importantly, this 
disconnect can arise because some FIB and pathogens have differing physiological 
characteristics and their phylogenies also differ extensively (viruses, bacteria and 
protozoa) (Harwood et al., 2013).  
Furthermore, the practice of using of FIBs as predictors of human health risks was 
established based on studies that assumed that fecal contamination primarily originated 
from sewage (Cabelli, 1983; Dufour, 1984; USEPA, 1986). Studies that have assessed the 
correlation between FIB and gastrointestinal illnesses in recreational waters impacted by 
non-point sources, e.g. runoff, often fail to find a correlation between FIB levels and 
gastrointestinal illnesses (Calderon et al., 1991; Prieto et al., 2001; Dwight et al., 2004; 
Colford et al., 2007). This disconnect is attributed to the fact that fecal contamination can 
also originate from non-human sources including domestic, agricultural and wild animals 
(USEPA, 2009). The indicator bacteria concept does not differentiate between sources of 
fecal contamination (e.g. human vs. animal sources). Furthermore, many waterborne 
pathogens, e.g. viruses, are known to infect only humans; therefore, fecal contamination 
derived from sewage is considered of higher risk compared to fecal pollution originating 
from animal sources (Field and Samadpour, 2007). For example, a recent study showed 
that the risk associated with exposure to recreational waters impacted by human sewage 
sources was higher than the risk associated with recreational waters impacted by certain 
animal fecal sources (e.g. as fresh gull, chicken and pig feces) (Soller et al., 2010b). 
However, the risk associated recreational waters impacted by cattle feces did not differ 
from the risk associated with recreational waters impacted by human feces. (Soller et al., 
2010b). Health risks associated with pathogens originating from animal feces (e.g. 
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Camplobacter, E. coli O157, Salmonella) have been widely documented (USEPA, 2009), 
and can also have adverse effects on human health. However, these health risks may be 
lower than human sewage, but still appreciable.  
Alternative Indicators 
Lack of correlation between FIB and certain pathogens (particularly enteric 
viruses and protozoa) and protozoans has led to the proposed use of alternative indicators 
such as coliphages and Clostridium as surrogates for enteric viruses and protozoans 
(Leclerc et al., 2000; Savichtcheva and Okabe, 2006). The advantages of some of the 
alternative indicators (Clostridium and coliphages) are discussed below.  
Clostridium is advantageous because it shows minimal multiplication outside the 
host, perhaps due in part to the fact that it is an obligate anaerobe (Savichtcheva and 
Okabe, 2006). Clostridium has also been shown to very resistant to decay by 
environmental factors and to correlate with the presence of some pathogens e.g. Giardia 
and Aeromonas sp. (Savichtcheva and Okabe, 2006). It has also been reported show a 
good correlation with some pathogens in two studies (Morinigo et al., 1990; Davies et al., 
1995).   
Three main groups of coliphages have been considered as surrogates for enteric 
viruses, primarily because their survival characteristics are assumed to mirror those of 
human enteric viruses. They include somatic coliphages, F-specific RNA coliphages and 
phages which infect Bacteriodes fragilis (Leclerc et al., 2000; Savichtcheva and Okabe, 
2006). Somatic coliphages are advantageous because they are specific to E. coli, can be 
easily recovered from water samples, and their concentrations are strongly associated  
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with those of enteric viruses in wastewater (Leclerc et al., 2000; Savichtcheva and Okabe, 
2006). Similarly, the concentrations of F-specific RNA coliphages have also been shown 
to be directly correlated with enteric viruses in sewage (Leclerc et al., 2000; Savichtcheva 
and Okabe, 2006). Certain bacteriophages that infect B. fragilis are advantageous as 
surrogates of human enteric viruses because they are more prevalent in sewage than 
enteric viruses, and have a high correlation to enteric viruses in sewage (Dutka et al., 
1987; Tartera and Jofre, 1987) 
Even though alternative indicators are advantageous in certain aspects over 
conventional FIB, limited distribution in sewage and in the environment and complex 
methodologies of recovery have prevented their adoption on a widespread scale over 
conventional indicators (Leclerc et al., 2000; Noble et al., 2003; Savichtcheva and Okabe, 
2006). Furthermore, some studies have shown that some of these indicators do not 
correlate with pathogens in some cases (Harwood et al., 2005; Wu et al., 2011). For 
example, Harwood et al. (2005) showed a lack of correlation between alternative 
indicators (Clostridium and F-specific coliphages) and pathogens (enteric viruses, Giardia 
and Cryptosporidium) at six wastewater reclaimation facilities. In a meta-analysis study, 
Wu et al. (2006) also reported a lack of significant corelations between alternative 
indicators (F-specific coliphages, somatic coliphages, Clostridium) and five frequently 
detected pathogens (adenovirus, Cryptosporidium, Giardia, Salmonella, enteroviruses) 
except for F-specific coliphages and adenoviruses (Wu et al., 2011). Lack of a correlation 
between alternative indicators and pathogens indicates that the indicator system remains 
imperfect, leading several researchers to the concurrent use of conventional and 
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alternative indicators in water quality monitoring (Harwood et al., 2005; Savichtcheva 
and Okabe, 2006; Wu et al., 2011). 
Environmental Factors Influencing FIB Survival 
 
Numerous biotic and abiotic factors influence the survival of FIB in secondary 
habitats including temperature, salinity, sunlight, predation from bacterivorous protozoa, 
and competition from autochthonous bacteria (Enzinger and Cooper, 1976; 
McCambridge and McMeekin, 1980a; Sinton et al., 1999a; Sinton et al., 2002a; Menon et 
al., 2003a; Pernthaler, 2005; Feng et al., 2010a; Korajkic et al., 2013a). Until recently, the 
majority of the research investigating factors influencing the decay of FIB in ambient 
waters has focused on abiotic factors such as sunlight (Davies-Colley et al., 1999; Sinton 
et al., 1999b; Muela et al., 2000; Sinton et al., 2002b; Whitman et al., 2004; Hijnen et al., 
2006),usually with the assumption that sunlight was the most influential factor in the 
decay of  FIB and pathogens in surface waters..  Recent studies show that predation by 
protozoa and competition from autochthonous bacteria also plays an important role in 
FIB survival, particularly in the water column (Menon et al., 2003a; Dick et al., 2010; 
Korajkic et al., 2013a). The environmental factors that are currently thought to be the 
most important influences on FIB survival are discussed here. 
Sunlight: UV light has been demonstrated to cause decay of enteric bacteria both 
in fresh and sea water (Barcina et al., 1990; Arana et al., 1992; Curtis et al., 1992; 
Gourmelon et al., 1994; Gourmelon et al., 1997). For example, E. coli decay was higher 
in beach sands exposed to UV, compared to un-exposed ones on a Great Lakes urban 
beach (Beversdorf et al., 2007). Boehm et al. (2005) reported that dilution followed by 
inactivation by sunlight and grazing by protozoa were the major factors leading to the 
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inactivation of enterococcci in a surf zone along a sandy beach (Boehm et al., 2005). 
Similarly, Chandran and Mohamed-Hatha (2005) reported that sunlight was the most 
detrimental factor to the survival of E. coli and S. typhimurium in a tropical estuary 
(Chandran and Mohamed-Hatha, 2005).  
Inactivation of bacteria cells by UV light happens either by direct (absorption of 
UV light into the DNA) or indirect (formation of reactive oxygen species) (Arana et al., 
1992; Gourmelon et al., 1994) mechanisms. In bacteria, detrimental effects of UV light 
include the formation of small and non-culturable cells that have a reduced ability to take 
up nutrients (Barcina et al., 1990). Barcina et al. (1990) reported that a larger number of 
smaller and non-culturable cells (E. coli and enterococcci) that had a reduced ability to 
take up glucose were present in illuminated compared to non-illuminated systems.  
The impact of UV light disinfection on FIB survival depends on various factors 
including the presence of dissolved oxygen, turbidity, depth and location (fresh vs. 
marine waters) (Curtis et al., 1992; Bolton et al., 2010). Depth and turbidity have an 
inverse relationship with the level of sunlight inactivation (Fujioka et al., 1981; Fujioka 
and Narikawa, 1982; Davies-Colley et al., 2003; Davies-Colley et al., 2005). This is 
attributed to the decrease in  sunlight energy (photons) as it penetrates the water column, 
i.e. the higher the depth or turbidity, the less energy penetrates the water surface (Fujioka 
et al., 1981; Fujioka and Narikawa, 1982; Davies-Colley et al., 2003; Davies-Colley et 
al., 2005; Hijnen et al., 2006). In activation of microorganisms by sunlight inactivation in 
ambient waters was also found to be higher in saline waters compared to fresh waters 
(Fujioka et al., 1981; Fujioka and Narikawa, 1982; Davies and Evison, 1991b; Sinton et 
al., 1999a; Sinton et al., 2002a). Measured UV absorbance has been reported to be greater 
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in fresh water compared to saline water (Davies and Evison, 1991b; Curtis et al., 1992). 
This difference is attributed to a greater concentration of certain chemicals, e.g. humic 
acids, in some fresh water environments (Davies and Evison, 1991a; Curtis et al., 1992).   
In aerated waste stabilization ponds, several authors have reported a correlation between 
dissolved oxygen and sunlight inactivation of FIB (as dissolved oxygen increased, 
sunlight inactivation also increased) (Curtis et al., 1992; Davies-Colley et al., 1997; 
Davies-Colley et al., 1999; Sinton et al., 2002a; Davies-Colley et al., 2003). This 
correlation is attributed to the excitation of sensitizer molecules (e.g. porphyrin 
derivatives, flavins, menaquinone) by sunlight and subsequent reaction of these excited 
molecules with oxygen, resulting in the formation of reactive oxygen species. Reactive 
oxygen species then induce damaging effects on cells (Curtis et al., 1992; Davies-Colley 
et al., 1997; Davies-Colley et al., 1999) 
Salinity: The negative effects of osmotic stress on the survival of FIB are well 
documented (Gauthier et al., 1992; Munro et al., 1994; Sinton et al., 2002b). Pre-
incubation of FIB with sea water and subsequent incubation in seawater was shown to 
lessen the negative effects of osmotic stress (Gauthier et al., 1992; Munro et al., 1994; 
Troussellier et al., 1998). For example, the survival of both E. coli and Salmonella was  
higher when the bacteria were gradually introduced into brackish water compared to 
when the introductory period was short, suggesting that bacteria that were previously 
acclimated to salt water survive better in saline environments. This difference is 
attributed to the expression of stress response genes initiated by the sigma factor rpoS, 
which facilitates a higher tolerance for stressful conditions (Troussellier et al., 1998).  
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In ambient waters, FIB (e.g. enterococci and E. coli) have been reported to 
survive better in freshwater environments than in marine water (Davies et al., 1995; 
Anderson et al., 2005; Byappanahalli et al., 2012b). For example, Anderson et al. (2005) 
found that the decay of enterococci was two-fold higher in marine mesocosms than in 
fresh water mesocosms in both water and sediment. Interestingly, enterococci have also 
been shown to survive better in saltwater than E. coli and fecal coliforms (Davies et al., 
1995; Anderson et al., 2005; Byappanahalli et al., 2012b). The ability for enterococcci to 
grow in the presence of salt (6.5%) probably explains their better performance as 
indicators in marine environments compared to fecal coliforms and  E. coli (Wade et al., 
2003).   
Availability of Nutrients: Once released from primary habitats, FIB transition 
from nutrient-rich gastrointestinal tracts to secondary habitats where nutrient supply can 
fluctuate between eutrophic and oligotrophic levels (USEPA, 2000). Bacteria exposed to 
nutrient limitations exhibit certain characteristics including formation of coccoid 
morphologies and shrinkage of cells (Kjelleberg and Hermansson, 1984b; Eguchi et al., 
1996). Furthermore, cells can also become more hydrophobic and show higher 
spontaneous mutation rates (Kjelleberg and Hermansson, 1984a; Barcina et al., 1997). 
Increased expression of stress response genes (regulated by the sigma factor rpoS) 
(Loewen and Hengge-Aronis, 1994; Munro et al., 1995) has been reported in bacterial 
cells undergoing starvation which results in greater tolerance to environmental stressors 
including oxidative stress, heat and osmotic stress (Kjelleberg and Hermansson, 1984a). 
For example, some authors have reported that E. coli that were previously exposed to sea 
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water containing minimal nutrients exhibited greater viability than non-exposed strains 
(Kjelleberg and Hermansson, 1984b; Gauthier et al., 1992).   
Predation: Predation is an important top-down mechanism regulating bacteria 
concentrations in aquatic environments (Anderson et al., 1983; Davies et al., 1995; Hahn 
and Höfle, 2001; Jurgens and Matz, 2002; Pernthaler, 2005; Jürgens, 2007a; Korajkic et 
al., 2013a). Diverse members of the food web regulate bacteria concentrations in fresh 
and marine environments including bacterivorous protozoa, lytic phages, and lytic 
bacteria (e.g. Bdellovibrio) (reviewed in Barcina et al.1997); however, protozoan grazing 
is thought to account for a majority of the bacterial mortality in most aquatic habitats 
(Menon et al., 2003a; Pernthaler, 2005; Jousset, 2012). Some authors have estimated that 
grazing by bacterivorous protozoa accounts for up to 90% of the bacterial mortality in 
aquatic environments (Menon et al., 2003a). The majority of the grazing attributed to 
protozoan grazers is carried out by nanoflagelates and ciliates (Pernthaler, 2005), or by 
amoebas in some environments (e.g. soils) (Rodríguez-Zaragoza, 1994). The exact 
contribution of lytic phages to predation on bacteria is not well understood. Some authors 
have proposed that virus-mediated bacterial mortality tends to be greater in oxygen-poor 
conditions or in highly productive systems (Pernthaler, 2005).  Lytic bacteria prey   
primarily on gram negative bacteria e.g. Vibrio spp. (Sockett, 2009; Chen et al., 2012). 
Grazing rates of bacteria by protozoa depend on several factors including prey 
density, prey characteristics and temperature (Gonzalez et al., 1990b; Iriberri et al., 
1994). For example, predation rates in a fresh water system were faster when the prey 
density were higher (Iriberri et al., 1994). Protozoan grazers also ingest and digest their 
prey at different rates depending on the characteristics of the prey (Gonzalez et al., 1993; 
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Iriberri et al., 1994). Some authors have shown that Gram-negative bacteria are ingested 
and digested faster that Gram-positive prey (Gonzalez et al., 1990b; Iriberri et al., 1994). 
Iriberri et al. (1994) reported higher eliminations rates for E. coli compared to Ent. 
faecalis and Staphylococcus epidermis (Iriberri et al., 1994). This difference was 
attributed to differences in cell morphology of the bacterial prey (Iriberri et al., 1994).  
Clearance of bacteria that are taken into food vacuoles can also vary depending on 
temperature (Mc and McMeekin, 1980; Anderson et al., 1983; Sherr et al., 1988; Barcina 
et al., 1991). Several studies have shown a direct positive correlation between 
temperature and predation rates (Mc and McMeekin, 1980; Anderson et al., 1983; Sherr 
et al., 1988; Barcina et al., 1991). Sherr et al. (1988) reported that grazing rates followed 
a linear increase between 12 ºC and 22 ºC, after which they leveled off when the balance 
between uptake by protozoa and growth by the bacteria  was attained. In another study, E. 
coli decline was correlated with the increase in eukaryotic grazers and increase in 
temperature (Anderson et al., 1983). 
Protozoan grazing not only regulates bacteria biomass but also regulates 
community structure (morphological and taxonomic distribution). For example, 
protozoan grazing can induce morphological shifts in communities towards certain 
bacteria (e.g. can lead to depletion of larger sized cells and actively diving cells) 
(Gonzalez et al., 1990a; Sherr et al., 1992; Simek and Chrzanowski, 1992). Some species 
are more susceptible to morphological changes compared to others, e.g. some can form 
inedible morphologies such as filaments and micro colonies in response to intense 
grazing (Gonzalez et al., 1990a; Hahn and Hofle, 1999). Jurgens et al.(1999) 
demonstrated that protozoan grazing led to the change of bacterial community structure 
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from small actively growing morphologies to large, grazing-resistant morphologies 
including filaments and small rods and cocci (Jurgens et al., 1999). Intense grazing was 
thought to be the primary reason that grazing-resistant morphotypes including 
filamentous and cocci shapes dominated a hypertrophic lake (Sommaruga and Psenner, 
1995).  
Grazing rates of protozoa on FIB in sediment are much lower than they are in the 
water column (Starink et al., 1994; Korajkic et al., 2013a). Most of the studies that have 
investigated the effects of grazing by protozoa on FIB in surface waters or mesocosms 
have not included sediment in the experimental design, even though sediment has been 
reported to serve as reservoir for FIB and pathogens in secondary habitats (Anderson et 
al., 1983; Gonzalez et al., 1990b; Gonzalez et al., 1990a; Iriberri et al., 1994). Decreased 
grazing by protozoa in sediment could facilitate extended persistence and replication of 
FIB and pathogens within the sediment, which can ultimately result in elevated FIB 
concentrations in the sediment (Droppo et al., 2009) 
Anti-grazing Mechanisms: Over time, bacteria have evolved several mechanisms 
to resist grazing by bacterivorous protozoa and amoeba (reviewed in Pernthaler et al. 
2005 and Jousset et al. 2012). These characteristics and include virulence, motility, and 
certain physical and morphological traits (e.g. size and charge) (Gonzalez et al., 1990a; 
Barker and Brown, 1994; Jürgens and Güde, 1994; Jurgens and Matz, 2002; Adiba et al., 
2010). Studies involving laboratory microcosms have shown that pathogens are generally 
less susceptible to predation from protozoa due to the presence of virulence determinants 
such as the Shiga toxins in Escherichia coli O157:H7 (Matz and Kjelleberg, 2005; 
Steinberg and Levin, 2007; Lainhart et al., 2009; Adiba et al., 2010).  
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Furthermore, some bacteria can be protected against disinfectants while inhabiting 
protozoan vacuoles. For example, some coliforms (E. coli, C. freundii, Enterobacter 
agglomerans, Enterobacter cloacae, K. pneumonia) and some pathogenic bacteria (S. 
typhimurium, Yersinia enterocolitica, Shigella sonnei, Legionella gormanii, and C. 
jejuni) have been shown to be more resistant to disinfection when enclosed within 
protozoan vacuoles than when they are free-living (King et al., 1988). Lainhart et al. 
(2009) also reported that Shiga toxin-producing E. coli can sense when they are enclosed 
within phagosomes, express toxin and kill protozoan predators (Tetrahymena 
thermopila).  
Motility can either be advantageous or disadvantageous to bacteria depending 
their size and speed (Pernthaler, 2005). On one hand, when prey speeds are high, 
encounter probabilities between the prey and predator increase, making the prey more 
susceptible to grazing by bacterivorous predators. On the other hand, high prey speeds 
can also be advantageous since fast moving prey are hard to capture, therefore prey are 
able to evade grazing by predators (Pernthaler, 2005). In controlled laboratory culture 
systems using autochthonous aquatic bacteria, several authors have reported that 
preferential grazing of motile bacteria over non-motile bacteria can occur (Matz and 
Jurgens, 2003, 2005). For example, Matz and Jurgens (2005) showed that highly motile 
bacteria (Acidovorax sp.) accumulated in a continuous culture compared to moderately 
motile bacteria (Pseudomonas rhodesiae cp 17) during predation by a consortium of 
bacterivorous nanoflagelates. Other authors have offered opposing findings by reporting 
higher grazing rates on motile bacteria in aquatic laboratory microcosms (Gonzalez et al., 
1993).  
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The complete implications of anti-grazing mechanisms such as motility and 
virulence on the predation rates of FIB and pathogens are still not well elucidated. 
Grazing resistance could result in the survival of some FIB and pathogen species/strains 
and not others, thereby causing differential survival of certain strains/species in the 
environment.    
Competition:  Relative to predation from protozoa, competition has been deemed 
a less important cause of bacterial mortality in surface waters (Enzinger and Cooper, 
1976; McCambridge and McMeekin, 1980a; Menon et al., 2003b; Korajkic et al., 2013a). 
Some authors have reported that grazing by protozoa was the most important factor in the 
decline of E. coli concentrations in estuarine waters and not competition from indigenous 
bacteria (Enzinger and Cooper, 1976). Autochthonous bacteria influence the survival of 
FIB or pathogens either by out-competing them for limiting nutrients or by producing 
antagonistic compounds which cause  cellular injury (Jannasch, 1968; Enzinger and 
Cooper, 1976; LeChevallier and McFeters, 1985; Barcina et al., 1986; Feng et al., 
2010b). Lechevallier and McFeters (1985) reported that heterotrophic bacteria were 
capable of suppressing coliform bacteria in drinking water either by competing for 
available nutrients or by antagonizing/causing injury in the coliforms.  
Recent studies have shown that the effects of competition from indigenous 
bacteria often vary depending on FIB type (Feng et al., 2010a; Wanjugi and Harwood, 
2013).  For example, competition was shown to have significant effects on E. coli and not 
Ent. faecalis in microcosm and mesocosm experiments (Feng et al., 2010a; Wanjugi and 
Harwood, 2013) . Some authors have proposed that Ent. faecalis is more capable of using 
diverse energy sources compared to E. coli, allowing it to survive better when nutrient 
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sources are limited (Byappanahalli and Fujioka, 2004; Feng et al., 2010a). For example, 
Byappanahalli and Fujioka demonstrated that Ent. faecalis was more adept at using more 
complex energy sources than E. coli, which may have facilitated superior survival of Ent. 
faecalis in the presence of indigenous microbiota compared to E. coli. Similarly, Feng et 
al. (2010) proposed that the reason E. coli was more affected by competition in sand 
mesocosms compared to Ent. faecalis was because E. coli was more susceptible to 
antagonistic effects of other bacteria (Feng et al., 2010). 
Survival of FIB in Secondary Habitats 
FIB can be isolated from secondary habitats when there are no apparent sources 
of fecal contamination. Such habitats include water (Davis et al., 2005), sediment (Burton 
et al., 1987; Badgley et al., 2010b; Badgley et al., 2010a; Byappanahalli et al., 2012a), 
submerged and terrestrial vegetation (Byappanahalli et al., 2003b; Ishii et al., 2006b; 
Badgley et al., 2010b; Badgley et al., 2010c), and sand (Wheeler Alm et al., 2003; 
Byappanahalli et al., 2006; Hartz et al., 2008). FIB in secondary habitats can persist for 
extended periods (Badgley et al., 2010a; Byappanahalli et al., 2012b; Korajkic et al., 
2013a), reproduce (Ishii et al., 2006a) or even be re-suspended into the overlying waters 
(Boehm and Weisberg, 2005; Droppo et al., 2009; Droppo et al., 2011), thereby 
jeopardizing the predictive relationship between FIB and human health risks.  Various 
matrices that can serve as reservoirs for FIB are discussed below. 
Beach Sands: The presence of FIB in beach sands has been widely documented in 
diverse environments including on beaches in tropical, sub-tropical, temperate coastal  
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and in the Great Lakes (Byappanahalli et al., 2006; Beversdorf et al., 2007; Bonilla et al., 
2007; Ishii et al., 2007; Yamahara et al., 2009). Moisture content plays an important role 
in the survival and replication of FIB in beach sands (Beversdorf et al., 2007; Bonilla et 
al., 2007; Mika et al., 2009). In a Great Lakes urban beach, E. coli concentrations varied 
significantly depending on moisture content, i.e. E. coli concentrations were significantly 
higher at a moisture content of 15-17% compared to a moisture content of 0-4% and 20-
24% (Beversdorf et al., 2007). In a sub-tropical environment, Ent. faecalis and E. coli 
concentrations also varied depending on the moisture content of sand (Bonilla et al., 
2007). FIB were 2-23 fold higher in wet sand compared to surrounding water, and 30-460 
fold higher in dry sand compared to adjacent waters (Bonilla et al., 2007).  
FIB contained in sand can be released into beach water via various mechanisms 
including tidal events and via washouts that happen after rain events (Shibata et al., 2004; 
Boehm and Weisberg, 2005; Beversdorf et al., 2007). Sand can also act as a shield for 
FIB against environmental stressors such as UV light (Beversdorf et al., 2007).  For 
example, no significant differences in E. coli concentrations were reported within the top 
2-4 cm in plots exposed to UV light compared to those that were not exposed to UV light 
(Beversdorf et al., 2007). Temperature can also have an effect on FIB survival in sands. 
For example, in temperate environments, survival of E. coli was higher at lower 
temperatures than at higher temperature in sand (Ishii et al., 2006a; Sampson et al., 
2006). Other authors have also reported the inactivation of FIB in sand by temperature 
including sub-tropical and tropical environments (Hartz et al., 2008; Mika et al., 2009; 
Halliday and Gast, 2011). Temperature has also been shown to have a positive effect on 
FIB survival especially during the summer months. For example, E. coli concentrations 
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was shown to increase during the course of the summer in near shore and shoreline sand 
on a Great Lakes beach even in absence of obvious fecal sources (Ishii et al., 2007).  
 Some FIB strains can be naturalized (exist in the absence of a recent fecal source 
or originate from a non-fecal source) in secondary habitats such as sand (Ishii et al., 
2006a; Ishii et al., 2007). For example, on a Duluth boat club (harbor of Lake Superior) 
DNA fingerprint analysis showed that some E. coli strains were naturalized in the 
sediments and sand (Ishii et al., 2006a; Ishii et al., 2007).  Naturalized FIB can skew 
regulatory results leading to unnecessary closures of beaches.  
Sediment and Soil: Survival of FIB in sediment and soils is documented 
extensively in temperate (Ishii et al., 2007), sub-tropical (Badgley et al., 2010b) as well 
as tropical soils and sediment (Byappanahalli and Fujioka, 2004; Byappanahalli et al., 
2012a). In one study, naturalized populations were capable of reproduction in a Lake 
Superior watershed  (Ishii et al., 2006a). Studies that have compared FIB concentrations 
in the sediment relative to the water column show that FIB concentrations in sediment are 
several orders of magnitude higher in  sediment than in the water column (Solo-Gabriele 
et al., 2000; Kinzelman et al., 2004; Anderson et al., 2005; Bonilla et al., 2007; Badgley 
et al., 2010a; Korajkic et al., 2013a). FIB decay rates in natural waters are typically lower 
in sediment than in the water column since the effect of environmental stressors such as 
UV light are diminished at lower depths (Fujioka et al., 1981; Fujioka and Narikawa, 
1982). Attachment, sedimentation then subsequent re-suspension of particles in the water 
column above is the main mechanism through which bacteria in sediment are transferred 
from the sediment into the water column (Desmarais et al., 2002; Boehm and Weisberg, 
2005; Bonilla et al., 2007; Droppo et al., 2009; Badgley et al., 2010b; Droppo et al., 
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2011). This phenomenon can result in elevated FIB concentrations in the water column 
which leads to overestimation of the FIB concentrations in the absence of an actual threat 
of fecal contamination.  
Vegetation: Terrestrial and aquatic vegetation has also been found to host high 
densities of FIB and pathogens in aquatic environments. Studies on Lake Michigan have 
reported that Cladophora, (a macrophytic green alga), harbors larger concentrations of 
FIB (E. coli and enterococci) than adjacent waters (Englebert et al., 2008; Vanden Heuvel 
et al., 2010). Most importantly, these algal mats also contained a number of pathogens 
including E. coli O157, Salmonella and Camplobacter (Byappanahalli et al., 2007; 
Byappanahalli et al., 2009; Verhougstraete et al., 2010). Survival of bacteria in alga mats 
is attributed to an abundance of nutrient supply in the alga mats (Whitman et al., 2003). 
In another study, submerged aquatic vegetation was also demonstrated to host greater 
numbers of  enterococci than sediment and water in a sub-tropical water shed (Badgley et 
al., 2010a).  
Differential Survival of FIB in Secondary Habitats 
Fecal indicator bacteria originate from the gastrointestinal tracts of warm-blooded 
and some cold-blooded animals, and eventually find their way into secondary habitats 
(e.g. surface waters, sand, sediment and vegetation) (Ford, 1999; USEPA, 2000, 2009). 
Studies have reported distinct genetic variations between FIB strains recovered from 
primary sources (e.g. sewage) and secondary sources (e.g. ambient waters) suggesting 
that bacteria could undergo selection and differentiation in secondary environments 
(Gordon et al., 2002; Topp et al., 2003). Differential survival of FIB and pathogens in the 
environment presents a challenge for water quality monitoring since the indicator bacteria 
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concept assumes that all strains of a particular phylotype undergo the same fate in the 
environment.   
Examples of differential survival include the observation that E. coli populations 
derived from swine manure showed major variations after incubation in soil (Topp et al., 
2003). Gordon et al. (2002) also demonstrated that diversity of E. coli strains in a 
secondary habitat (septic tank) was lower compared to the primary source (human feces). 
Furthermore, E. coli strains derived from the septic tank were genetically distinct and 
more better adapted to lower temperatures (Gordon et al., 2002). In fresh water 
mesocosms, Anderson et al. (2005) also demonstrated that some E. coli strains were more 
persistent than others and that the diversity of ribotypes recovered in mesocosm waters 
was distinctly different from the diversity of  ribotypes in the fecal inoculum (Anderson 
et al., 2005).  
Selected and differential survival in the environment has also been shown to occur 
for bacteria besides E. coli, including enterococcci (Badgley et al., 2010b), E. coli O157 
(LeJeune et al., 2004) and Salmonella (Soyer et al., 2010). In a sub-tropical watershed, 
several   Enterococcus strains namely, Ent.casseliflavus, Ent. faecalis, Ent. faecium, Ent. 
hirae, and Ent. mundtii were found to be more abundant and to widely distributed across 
matrices (water, sediment, vegetation) compared to other Enterococcus strains (Badgley 
et al., 2010b). In another study, four genetic ribotypes of E. coli O157:H7 in cattle feces 
from 20 individual feed lot pens showed extended persistence during a four month 
sampling period (LeJeune et al., 2004). Others have also reported extended persistence of 
certain S. enterica PFGE types on 11 farms (Soyer et al., 2010).   
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Research Goals and Chapter Objectives 
The goals of this study were three fold: 1) to assess how biotic factors, i.e. 
protozoan grazing and competition from autochthonous bacteria influence the survival of 
FIB and pathogens in fresh water environments, 2) to investigate the effect of predation 
on bacteria with different characteristics (motile vs. non-motile) and 3) to assess the 
effects of nutrient levels and natural microbiota on the survival of FIB (E. coli). The 
stated objectives are discussed in chapters 2, 3 and 4 respectively. 
To accomplish the first research goal, the effect of predation and competition on 
the survival of  two FIB (E. coli and Ent. faecalis) and one pathogen (E. coli O157) was 
monitored in outdoor mesocosms containing  natural and disinfected Hillsborough River 
water and sediment. Treatments included various combinations of natural and 
allochthonous protozoa and indigenous bacteria. This study found that predation had 
significant detrimental effects on the survival of FIB and pathogen; however, the effect of 
predation was diminished in the sediment compared to the water column, particularly in 
the case of the pathogen. Unlike predation, competition only led to significant declines in 
E. coli, but not Ent. faecalis, both in water and sediment. The complete details of this 
study are described in chapter 2 and also published in Environmental Microbiology   
To accomplish the second research goal, the effect of predation on the survival of 
two enteric bacteria types (E. coli O157 and S. enterica), each with a motile and non-
motile counterpart, in fresh water and sediments was compared. This study was also 
conducted in outdoor mesocosms that were exposed to natural environmental conditions. 
Since the effect of indigenous microbiota (predation and competition) in natural waters  
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can vary depending on the prevailing environmental conditions, water and sediment 
samples were ‘sterilized’ either by filtration or by oven baking. An allochthonous 
predation source (T. pyriformis) was added into the mesocosms to supply a constant 
source of predation. This study found that motility had a significant positive effect on the 
survival of S. enterica in the water and sediment but had negative significant effect for E. 
coli O157 in sediment only. Motility also played a more important role in the sediment 
compared to predation while predation played a more important role in the water column 
for both bacteria types. This study has been submitted to Microbial Ecology and the 
revised manuscript is currently under review. The complete description of this study is 
provided in chapter 3.  
The last goal of my research is covered in Chapter 4. In this chapter, the influence 
of nutrient levels and natural microbiota (predation and competition) on the survival of 
FIB (E. coli) in fresh water mesocosms was assessed. Natural waters (not amended with 
nutrients) served as a baseline condition to which organic nutrients were added in two 
increments. Treatments also included different combinations of predation and 
competition, which were manipulated by adding cycloheximide or kanamycin to inhibit 
natural protozoa and indigenous bacteria, respectively. This study found that predation, 
competition and nutrients all had significant effects on the survival of E. coli; however, 
predation was the most influential factor, particularly at higher nutrient levels. Significant 
interactions among predation, nutrients and competition (all possible combinations) were 
observed. Interactions between predation and nutrients and competition and predation 
also accounted for the greatest effects (10% and 8% respectively). The lack of a strong 
interaction between competition and nutrients, combined with the strong interaction 
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between nutrients and predation, suggests that predation is more influenced by nutrient 
supply than competition. This chapter is currently in preparation for submission to a peer-
reviewed journal in the near future. 
Research Significance    
Through the research goals outline above, I aim to advance our knowledge of the 
factors that influence survival of FIB and pathogens in secondary habitats. Understanding 
the factors influencing the fate of FIB in secondary habitats remains one of the top 
research goals needed in order to improve the predictive relationship between FIB and 
pathogens in recreational waters (Field and Samadpour, 2007; Boehm et al., 2009a; 
Dorevitch et al., 2010; Byappanahalli et al., 2012b; Harwood et al., 2013).  
In the first chapter, I show that the survival of FIB and pathogens is affected by 
predation and competition; however, the magnitude of effects varies depending on 
location (water and sediment) and bacteria type (FIB or pathogen). Therefore, 
assumptions on FIB and pathogen survival in recreational waters based on similar 
survival characteristics of FIB and pathogens in secondary habitats should be avoided. 
The findings of this research can be used to inform local/state agencies on water quality 
monitoring decisions and to inform modeling efforts that predict the risk of illnesses in 
recreational waters.  
It is well known that prey characteristics (anti-grazing mechanisms) can influence 
grazing by protozoa, and that differential survival of strains of particular species can 
occur; however, the effect of certain characteristics, e.g. motility, on the differential 
survival of enteric bacteria in the environment is not well understood. In the second 
chapter, I show that prey characteristics such as motility are important determinants of 
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enteric bacteria survival in secondary habitats. This work offers new insight that can be 
used to inform regulatory agencies on the factors that can interfere with the predictive 
relationship between FIB and pathogens. 
Predation, competition and nutrients are important factors in the microbial loop, 
however, the mechanisms and interactions behind how these factors influence the 
survival of different bacteria is not well elucidated. The knowledge gained in the third 
chapter can be used to further the understanding of the effects of natural microbiota and 
nutrients on the survival of indicator bacteria. Specifically, the findings of this research 
could be useful in determining/predicting the fate of indicator bacteria in oligotrophic vs. 
eutrophic environments  
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CHAPTER 2: THE INFLUENCE OF PREDATION AND COMPETITION ON THE 
SURVIVAL OF COMMENSAL AND PATHOGENIC FECAL BACTERIA IN 
AQUATIC HABITATS
1 
 
Summary  
The role of fecal indicator bacteria (FIB) in water quality assessment is to provide 
a warning of the increased risk of pathogen presence. An effective surrogate for 
waterborne pathogens would have similar survival characteristics in aquatic 
environments. Although the effect of abiotic factors such as sunlight and salinity on the 
survival of FIB and pathogens are becoming better understood, the effect of the 
indigenous microbiota is not well characterized. The influence of biotic factors on the 
survival of nonpathogenic Escherichia coli, Enterococcus faecalis, and E. coli O157:H7 
were compared in fresh (river) water and sediments over five days. Treatments were (1) 
disinfection (filtration of water and baking of sediments) to remove indigenous protozoa 
(predators) and bacteria (competitors), and (2) kanamycin treatment to reduce 
competition from indigenous bacteria. The disinfection treatment significantly increased 
survival of E. coli, E. coli O157:H7 and Ent. faecalis in the water column. In sediments, 
survival of FIB but not that of E. coli O157:H7 increased in disinfected treatments, 
indicating that the pathogen’s survival was unaffected by the natural microbiota. Location 
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(water or sediment) influenced bacterial survival more than species/type in the 
disinfection experiment. In the competition experiments where only the natural bacterial 
flora was manipulated, the addition of kanamycin did not affect the survival of Ent. 
faecalis, but resulted in greater survival of E. coli in water and sediment. Species/type 
influenced survival more than the level of competition in this experiment. This study 
demonstrates the complexity of interactions of FIB and pathogens with indigenous 
microbiota and location in aquatic habitats, and argues against over-generalizing 
conclusions derived from experiments restricted to a particular organism or habitat. 
Introduction 
 Fecal indicator bacteria (FIB) are used as surrogates for human pathogens in 
many applications ranging from beach water quality monitoring (NRDC Report, 2010) to 
assessment of the efficacy of wastewater treatment (Harwood et al.,2005). The most 
commonly used FIB are Escherichia coli, fecal coliforms and enterococci (USEPA, 
2003a, 2006). Elevated FIB levels are considered indicative of recent fecal contamination 
and an increased likelihood of the presence of human pathogens (USEPA, 2006).  
 The survival of FIB and pathogens in aquatic systems is influenced by a variety 
of factors including abiotic (e.g. temperature, salinity, pH, sunlight, nutrient levels) 
(Berninger et al., 1991; McFeters and Singh, 1991; Barcina et al., 1997; Sinton et al., 
2002b; Byappanahalli and Fujioka, 2004) and biotic factors (e.g. grazing by natural 
bacterivorous protozoa and competition from indigenous bacteria) (Rhodes and Kator, 
1988; Gonzalez et al., 1990b; Menon et al., 2003b; Feng et al., 2010b; Korajkic, 2010a). 
Even though both factors have been implicated in FIB declines over time in aquatic 
systems, until recently, abiotic factors such as sunlight have typically been deemed the 
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most important factor influencing FIB survival in aquatic systems (Barcina et al., 1986; 
Sinton et al., 2002b; Noble et al., 2004). 
 Recent studies have reported otherwise, suggesting that and natural microbiota 
(predation and competition) and not sunlight plays the most important role in the survival 
of FIB in natural environments (Korajkic, 2010; Staley et al., 2011). Korakjic (2010) 
reported that E. coli decay was minimal in outdoor mesocosms that were exposed to 
natural UV radiation  when the effect of natural microbiota (predation and competition) 
was removed by disinfection, portraying the importance of natural microbiota relative to 
sunlight (Korajkic, 2010a). Staley et al. (2011) reported the lack of significant differences 
in E. coli decay between natural mesocosms that were exposed to light and those covered 
with aluminum foil.  However, neither of these studies assessed the effect of predation 
and competition on other types of FIB e.g. Ent. faecalis, or  pathogens. Since both E. coli 
and Ent. faecalis are used as surrogates for waterborne pathogens such as E. coli 
O157:H7, it is imperative that their survival is understood relative to pathogens so as to 
avoid unfounded generalizations on pathogen survival.   
  To date, few studies have assessed simultaneously, the survival of different FIB 
types (e.g. E. coli vs. enterococci) and pathogens E. coli O157:H7 when natural 
microbiota (naturally-occurring protozoa and indigenous bacteria) are present, 
particularly in the water column and benthic sediment. This comparison is of importance 
not only for their significance to the FIB paradigm, but also because bacterial elimination 
rates by natural microbiota (e.g. natural protozoa) can vary depending on various bacteria 
characteristics (cell size, cell wall composition, presence of virulence factors) (Sherr et 
al., 1988; Gonzalez et al., 1990a; Iriberri et al., 1994; Steinberg and Levin, 2007; Adiba 
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et al., 2010), and location (water column or sediment) (England et al., 1993; Starink et al., 
1994; Hartz et al., 2008).  A recent study comparing the survival of FIB and E. coli 
O157:H7 in situ and in vitro showed that E. coli O157:H7 was more resistant to predation 
and solar radiation compared to commensal E. coli strains and enterococci (Jenkins et al., 
2011a), while other studies have provided contradictory findings showing that E. coli 
O157:H7 was equally susceptible to predation compared to the FIB (E. coli and 
enterococci) (Artz and Killham, 2002; Avery et al., 2008b). None of these studies 
included sediments in the experimental design. Although the majority of grazing activity 
is thought to occur within the water column (Starink et al., 1994; Hartz et al., 2008), 
understanding the contribution of natural grazers in sediment is important, as sediment 
has been shown to be an important reservoir for FIB (Wheeler Alm et al., 2003; 
Byappanahalli et al., 2006; Hartz et al., 2008; Droppo et al., 2009; Badgley et al., 2010b). 
Lack of grazing within the sediment may contribute to extended survival of FIB in 
sediment (Feng et al., 2010b), which can be eventually re-suspended into the water 
column leading to elevated numbers of FIB in the water column (Droppo et al., 2009).  
 The objectives of this study were to assess the effects of natural microbiota 
(indigenous protozoa and bacteria) on   the survival FIB. This study built upon a previous 
study using nonpathogenic E. coli strains (Korajkic, 2010a) by adding a frank pathogen, 
E. coli O157:H7, and the gram-positive FIB, Ent. faecalis, to the experimental design, 
and contrasting their response to biotic pressures with that of a non-pathogenic E. coli 
strain (MG1655 pUA66-GFP). The experimental approach was two-pronged; disinfection 
experiments explored the effects of predation and competition from indigenous bacteria, 
while competition experiments only manipulated the indigenous bacteria. In both 
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experiments, we explored the effect of both types of natural microbiota and added 
predation in the form of Tetrahymena pyriformis.  
Results   
Effect of Native Microbiota (Predation and Competition) and T. pyriformis in the 
Water Column.  Mesocosms containing E. coli MG1655 pUA66-GFP (hereafter referred 
to as E. coli), E. coli O157:H7, or Ent. faecalis were established to represent four 
treatments as described in the Methods: DIS; DIS_TP+; NAT_TP+ and NAT (Table 2.1). 
The rate of decline (log10 reduction over five days) in E. coli, Ent. faecalis and E. coli 
O157:H7 concentrations in the water column was significantly greater when natural 
microbiota or T. pyriformis were present (DIS_TP+; NAT_TP+; NAT) compared to the 
disinfected treatment (DIS), which was inoculated only with bacteria (Fig. 2.1; Table 
2.2). The addition of T. pyriformis to mesocosms with natural microbiota did not alter the 
rate of decline for any of the bacteria (Fig. 2.1) in the water column. While bacterial type 
was a significant source of variability in log10 reduction values (9.7%), treatment 
(presence or absence of natural microbiota or T. pyriformis) accounted for 65.4% of the 
variability (Table 2.2). The interaction between the treatment and bacterial type was 
significant, accounting for 19.5% of the variability, which means that the response of the 
three bacterial types to grazing was different, although they all followed the same trend 
(Table 2.2).  
 Overall, significantly greater rates of decline were observed in the treatments with 
natural microbiota or T. pyriformis in the water column for all three bacteria compared to 
the disinfected treatments even though the experiments were run at different times of the 
year, and the microbiota therefore experienced different temperature ranges (Fig. 2.1, 
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Table 2.1). The disinfected treatments (DIS) saw either an increase in bacterial 
concentrations (E. coli; represented by negative log10 reduction) (Fig 1.1A) or a much 
smaller decrease compared to the   treatments with natural microbiota or T. pyriformis (E. 
coli O157:H7 and Ent. faecalis) (Fig 1.1B&C).  
Effect of Native Microbiota (Predation and Competition) and T. pyriformis 
(Predation) in the Sediment. As expected, culturable FIBs were much more persistent in 
the sediment than in the water column as evidenced in the much smaller log10 reductions 
for all three bacteria in the sediment (Fig. 2.1B). A significantly larger rate of decline in 
sediments was observed in the presence of natural microbiota (NAT_TP+; NAT) 
compared to the disinfected treatments (DIS; DIS_TP+)  in E. coli and Ent. faecalis but 
not in E. coli O157:H7 (Fig 2.1;Table 1.2). With the addition of T. pyriformis, no 
significant differences were observed under disinfected or natural conditions (DIS_TP+; 
NAT_TP+) in any of the bacteria (Fig 2.1). Unlike in the water column, where treatment 
(presence or absence of either natural or added microbiota) was the main source of 
variability, treatment accounted for only 21.9% of the variation while bacteria type 
accounted for most of the variability in sediment (60.3%; Table 2.2). The interaction 
between the treatment and bacterial type was as important as the effect of treatment, 
accounting for a significant portion of variation (15.2%) (Table 2.2). 
 Even in the presence of natural microbiota, E. coli O157:H7 showed extended 
persistence more consistently in sediment than E. coli and Ent. faecalis. The survival of 
E. coli and Ent. faecalis, but not E. coli O157:H7, was significantly reduced in 
mesocosms containing microbiota.  
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Effect of Competition in the Water Column. The effect of competition from 
autochthonous bacterial populations on kanamycin-resistant bacteria added to the 
mesocosms (E. coli or Ent. faecalis) was also assessed by adding the antibiotic 
kanamycin to a set of mesocosms (designated COMP-). Log10 reduction of culturable 
cells after five days was calculated in four treatments listed in the methods: COMP-, 
COMP-TP+, COMP+TP+ and COMP+ (Table 2.1).  Note that all treatments retained the 
effect of predation, as kanamycin does not affect protozoa. Significantly larger rates of 
decline in the water column were observed in the COMP+ treatments (which also 
included natural predators) compared to the COMP- treatments for E. coli, but not Ent. 
faecalis (Fig. 2.2; Table 2.3). T. pyriformis addition led to greater rates of decline for both 
bacteria in COMP+ mesocosms (compare COMP+TP+ to COMP+); however, this effect 
was not observed in the COMP- treatments (Fig. 2.2).The effect of treatment 
(competition) was a significant source of variability (Table 2.3), which was also observed 
in the native microbiota experiment. However, competition accounted for less of the 
variation (18.5%) than bacteria type (69.3%) (Table 2.3). There was a significant 
interaction between treatment and bacteria type, suggesting that bacteria types also 
responded differently to the effect of treatment (Table 2.3). 
  Taken as a whole, the difference in results between the competition and no-
competition treatments indicated that competition from native bacteria was important in 
the survival of E. coli but not Ent. faecalis in the water column.   
Effect of Competition in Sediment.  A  significant decline in sediments was 
observed for E. coli in the COMP+ treatments (COMP+; COMP+TP+) compared to the 
COMP- treatments (COMP-; COMP-TP+) (Fig 2.2A), in which E. coli concentrations 
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actually increased over time. The addition of T. pyriformis to E. coli mesocosms did not 
alter log10 reduction (Fig 2.2A). Unlike E. coli, Ent. faecalis persistence was unaffected 
by the competition treatment (Fig 2.2B; Table 2.3). The competition treatment accounted 
for a relatively small, but significant percent of variability in the results (1.1%); and 
bacteria type accounted for most of the variability (97.8%) (Table 2.3). In addition, there 
was significant interaction between bacteria type and treatment (0.8%) (Table 2.3). 
Overall, competition was a major factor in the survival of E. coli but not in Ent. faecalis 
in sediment.  
Discussion 
 This work was undertaken in order to better understand the factors that influence 
survival of allochthonous bacteria such as FIB and pathogens in secondary habitats, 
which can ultimately contribute to improved methods for microbiological water 
monitoring (Anderson et al., 2005; Harwood et al., 2005; Brownell et al., 2007; 
Dorevitch et al., 2010). Numerous studies have demonstrated the negative impacts of 
natural microbiota on FIB survival (Anderson et al., 1983; Rhodes and Kator, 1988; 
Gonzalez et al., 1990b; Menon et al., 2003b; Korajkic, 2010a). However, most of these 
studies were limited in that they used only one type of FIB (Anderson et al., 1983; 
Korajkic, 2010a) and/or measured survival only in the water column (Anderson et al., 
1983; Gonzalez et al., 1990b; Menon et al., 2003b). In this study, we assessed the 
survival of two different FIB and one pathogen in outdoor mesocosms that contained 
water and sediment. Our experimental design allowed us to determine the combined 
effects of natural microbiota (predation and competition) and competition from bacteria 
alone (after competition was reduced with kanamycin). It is important to note that our 
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mesocosm experiments were run outdoors in order to more accurately mimic aquatic 
habitats, and at different times because of logistical considerations. Consequently, many 
factors including air and water temperatures varied between experiments, and 
comparisons among experiments are made here only when environmental conditions 
were not significantly different.  
 The ciliate T. pyriformis was added to mesocosms to ensure the presence of a 
minimum level of predators in the TP+ treatments for comparison with mesocosms 
containing naturally occurring predators. T. pyriformis was chosen for use in this 
experiment because it is found in fresh water systems and has been shown to prey on 
different types of FIB and pathogens, including E. coli (Nilsson, 1987; Nelson et al., 
2003; Power et al., 2006; Steinberg and Levin, 2007). Preferential predation by T. 
pyriformis on bacteria with different characteristics is not well understood. Some have 
suggested that presence of virulence factors e.g. the Stx-encoding prophage in E. coli 
O157:H7 can enhance their survival of inside T. pyriformis food vacuoles (Nilsson, 1987; 
Nelson et al., 2003; Steinberg and Levin, 2007).  
 In the water column, natural microbiota influenced the survival of FIB and E. coli 
O157:H7 in a similar manner, decreasing survival of E. coli, enterococci and E. coli 
O157:H7 compared to disinfected controls. These results were expected from previous 
studies (Anderson et al., 1983; Rhodes and Kator, 1988; Gonzalez et al., 1990b; Menon 
et al., 2003b; Korajkic, 2010a; Jenkins et al., 2011a). The dissimilar effect of the natural 
microbiota on the FIB vs. the pathogen in sediments was unexpected, as E. coli O157:H7 
survival in sediments differed little among treatments.  Other studies have reported 
different findings regarding the survival of FIB survival relates to E. coli O157:H7 when 
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predation was present. One study which was conducted without sediment reported that E. 
coli O157:H7 was more resistant to predation and solar radiation compared to commensal 
E. coli strains and enterococci in situ and in vitro (Jenkins et al., 2011a). Others have 
reported that E. coli O157:H7 was equally susceptible to predation compared to the FIB 
(E. coli and enterococci) (Artz and Killham, 2002; Avery et al., 2008b). Here we show 
that comparatively, the presence/absence of the natural microbiota and not bacteria 
species/type, accounted for most of the variation in the water column while the opposite 
was true in sediment (bacteria type/species type was more important). FIB may therefore 
serve as better predictors of pathogen survival in the water column than in sediment due 
to the similarity of their response to pressure from the natural microbiota in the water 
column. Extended persistence of E. coli O157:H7 in sediment relative to the FIB leads to 
concerns about the public health implication of re-suspension of E. coli O157:H7 in the 
water column (Droppo et al., 2009). 
 Reducing competition from indigenous bacteria by kanamycin addition led to 
greater E. coli survival in water and sediments; but did not affect Ent. faecalis. This 
experiment was not performed with E. coli O157:H7 because we could not obtain a kan
R 
mutant. Other studies have demonstrated the negative influence of indigenous bacteria on 
FIB (Enzinger and Cooper, 1976; McCambridge and McMeekin, 1979; McCambridge 
and McMeekin, 1980a; Byappanahalli and Fujioka, 2004; Feng et al., 2010b), however, 
most of these studies have been conducted in small scale laboratory settings with 
estuarine waters, with one FIB (E. coli) (Enzinger and Cooper, 1976; McCambridge and 
McMeekin, 1979; McCambridge and McMeekin, 1980a), or in lab-based sand/soil 
microcosms using E. coli and Ent. faecalis (Byappanahalli and Fujioka, 2004; Feng et al., 
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2010b). The observation that competition had a much greater effect on E. coli compared 
to Ent. faecalis was unexpected, given that they both are obligate heterotrophs. 
Byappanahalli and Fujioka, (2004) have suggested that Ent. faecalis is capable of using 
more complex energy sources than E. coli, which may allow Ent. faecalis to compete 
better with the indigenous microbiota (Byappanahalli and Fujioka, 2004). Feng et al. 
(2010) hypothesized that Ent. faecalis is less susceptible to antagonistic effects from 
other bacteria compared to E. coli (Feng et al., 2010). E. coli and Ent. faecalis might 
survive differently both in water and sediment depending on the prevailing nutrients and 
the presence of antagonistic bacteria.   
 Another factor in the failure of the kanamycin treatment to affect Ent. faecalis 
survival could be the activity spectrum of the antibiotic. Kanamycin inhibits many Gram-
negative bacteria but a limited suite of Gram-positive bacteria, including mycobacteria 
and some penicillin-resistant staphylococci (Gourevitch et al., 1958; Chow, 2000; 
Gilmore, 2002). On the other hand, Gram-negative bacteria are the most abundant 
bacteria in most aquatic environments based on culture-dependent and culture-
independent methods (Zwart et al., 2002; Rappe and Giovannoni, 2003), suggesting that 
they would also be the dominant heterotrophic competitors in these freshwater 
mesocosms. In this study, kanamycin was effective against most of the competitors as 
natural waters treated with kanamycin did not yield any culturable aerobic/aerotolerant 
heterotrophs. 
Tetrahymena pyriformis did not generally affect the survival of FIB when 
indigenous protozoa were present, and this was particularly true in sediments. The 
influence of added T. pyriformis was, however, significant in the competition experiment, 
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where it decreased survival of E. coli and Ent. faecalis when added to mesocosms 
containing indigenous bacteria and protozoa (COMP+TP+). Furthermore, the same trend 
of decreased FIB survival with T. pyriformis addition to non-disinfected mesocosms was 
observed in the disinfection experiments, although the differences among treatments were 
not significantly different.  This is particularly interesting because the natural (NAT) 
treatment for the disinfection experiment represents the same conditions as the COMP+ 
treatment in the competition experiment, and the corresponding treatments that include 
Tetrahymena addition (NAT_TP+ and COMP+TP+) also mirror each other.  The 
difference in the effect of Tetrahymena in the two experiments could well be attributed to 
the difference in temperature (30.2°C for the disinfection experiment and 11.9°C for the 
competition experiment), which probably resulted in reduced numbers and activity of 
native protozoa in the water used to make the mesocosms in January compared to August 
(Sherr et al.,1988).   
Our study is unique in that it incorporates sediment into the experimental design; 
which adds a needed layer of complexity to the experiment since sediment has been 
shown to serve as reservoir for FIB in secondary environments such as sediment 
(Wheeler Alm et al., 2003; Byappanahalli et al., 2006; Badgley et al., 2010; Anderson et 
al. 2005). Re-suspension of sediment-associated bacteria into the water column upon 
sampling is possible in both the mesocosms and in natural environments (Droppo et al., 
2009); however, in this study preventive measures were taken to mitigate the transport of 
bacteria between the water column and sediment during sample collection (see 
experimental procedures).  
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 The results of our study provide important information about the contribution of 
different biotic influences on the survival of FIB and pathogens in water and sediment in 
sub-tropical aquatic systems. Future studies with more than one strain of each bacterial 
type are necessary to generate even more representative findings regarding the survival of 
these species in natural environments. Understanding how different types of FIB and 
pathogens are influenced by natural microbiota will be helpful in understanding their fate 
in secondary habitats and assist in creation of better predictive models that could help 
avoid generalizations when FIB are used to predict human health risks.    
Experimental Procedures 
Sample Collection and Preparation. Fresh water and sediment used to prepare 
mesocosms for this study were collected within 1 m of the bank of the Hillsborough 
River at the University of South Florida (USF) River Front Park (28° 04.239ʹN, 82° 
22.661ʹW). Water and sediment were collected on five occasions (August 2010, October 
2010, November 2010, and twice in January, 2011, to conduct five different mesocosm 
experiments (Table 1). For each experiment, approximately 20 L of water and 15 kg of 
sediment were collected into autoclaved 10 L plastic containers and plastic coolers 
(cleaned with 10% bleach) and transported to USF for mesocosm preparation.  Samples 
were collected on the day prior to mesocosm set up and allowed to equilibrate over night 
at room temperature prior to additions with bacteria. 
 Mesocosms were designed to investigate the effect of natural microbiota and 
competition from indigenous bacteria on three different types of fecal bacteria (see 
below) (Table 2.1). In both studies, we explored the effect of both natural microbiota and 
added predation (Tetrahymena pyriformis). In the natural microbiota experiment, half of 
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the water and sediment samples were filter sterilized with a 0.45 and 0.22 µm 
nitrocellulose pore size filters, while sediments were oven-dried at 350
o
C for 48 hours to 
kill indigenous bacteria and protozoa (Table 2.1). The filter-sterilized water and 
sediments constituted the disinfected mesocosms while the rest of the water and sediment 
samples (non-disinfected water and sediment) were used for preparation of the natural 
mesocosms. For the competition experiments, half of the water and sediment samples 
were treated with kanamycin at 300 mg/L to eliminate a broad spectrum of native 
bacteria (natural microbiota-competition treatments). For both experiments, disinfected 
water and sediment as well as kanamycin-treated water and sediments were tested by on 
tryptic soy agar (TSA). Culturable microorganisms on TSA plates were negligible.  
Experimental Design.  Five different mesocosm experiments were established 
following the timeline described in Table 1.1. For each mesocosm, target bacteria were 
inoculated independently. Each experiment included 12 mesocosms (four treatments with 
three replicates each). Experiment conducted in August 2010, November 2010 and early 
January (natural microbiota experiments) tested the effect of predation + competition on 
the survival of three different bacteria (see below), using the following four treatments: 
(1) disinfected water and sediment, representing conditions of no competition and no 
predation ( DIS), (2) disinfected water and sediment with the protozoan T. pyriformis 
added, representing predation only (DIS_TP+); (3) natural water and sediment, 
representing competition and predation (NAT); and (4) natural water and sediment with 
added T. pyriformis, representing competition, natural predation, and added predation 
(NAT_TP) (Table 2.1). Experiments conducted during the October and early January 
months (competition experiments) tested the survival of two different bacteria (see Table 
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2.1) with competition from autochthonous bacteria, using the following four treatments: 
(1) natural water and sediment with kanamycin representing no competition (COMP-); 
(2) natural water and sediment with kanamycin + T. pyriformis representing no 
competition, and added predation (COMP-TP+), (3) natural water and sediment without 
kanamycin + T. pyriformis representing competition and added predation (COMP+ TP+), 
(4) natural water and sediment without kanamycin representing competition (COMP+ ) 
(Table 2.1). Note that all the treatments retained the effect of natural predation. The 
average daily temperatures for the different experiments are listed in Table 2.1. 
Temperatures were not significantly different among the treatments for each experiment; 
however, they were significantly different between experiments (disinfection vs. 
competition). Mesocosms were established in 1.5 L glass beakers filled with ~3 cm 
sediment and topped with I L of water. Once the mesocosm were inoculated with the 
appropriate treatments, they were placed in plastic autoclave tubs which were filled with 
tap water (to the water level in the beakers) to buffer against temperature changes. The 
mesocosms were then set up in an open greenhouse at the USF botanical gardens. The 
greenhouse was open on both sides to allow for sunlight penetration. The beakers were 
covered with transparent wrap film to prevent contamination and to allow for sunlight 
penetration. 
Bacteria and Protozoa Strains. Three different bacteria, including two gram 
negative (Escherichia coli strain MG1655 pUA66-GFP, E. coli O157:H7) and one gram 
positive (Enterococci faecalis ATCC 700802) species/strain, and one protozoan 
(Tetrahymena pyriformis) were used for separate experiments in this study. Escherichia 
coli strain MG1655 pUA66-GFP (kanamycin
R
) and Ent. faecalis ATCC 700802 
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(kanamycin
R
 and vancomycin
R
) (Sahm et al., 1989; Paulsen et al., 2003) were used for 
the August, October November and Early January experiments while E. coli O157:H7 
was used for the late January experiment. Fresh cultures of T. pyriformis were obtained 
from Carolina Biological Supply Company (Burlington, North Carolina) and maintained 
axenically at room temperature in 15 ml polypropylene plastic tubes containing proteose 
peptone yeast extract (PPY) (5g/L proteose peptone, 5 g/L tryptone, 0.2g/L K2HPO4, pH 
7.2) (Steinberg and Levin, 2007) supplemented with Page’s amoeba saline (PAS) 
(Rowbotham, 1983) at a ratio of 2:1 to prevent osmotic stress (Snelling et al., 2005).  
Inoculation of Bacteria and Protozoa into Mesocosms. Prior to each experiment, 
the respective bacterium was streaked on tryptic soy agar plates (TSA) and incubated 
overnight at 37
o
C for the E. coli strains, and at 41
o
C for Ent. faecalis. Isolated colonies 
were inoculated into LB broth (E. coli strains) or brain heart infusion (BHI) for (Ent. 
faecalis) and incubated overnight at 37
o
C. Overnight cultures were centrifuged at 5000 
rpm for 3 minutes, and re-suspended in a volume of 1X phosphate buffered saline (PBS), 
pH 8.0 (Eaton et al., 2005) equal to the original culture volume (120 ml). This step was 
repeated once and the washed culture was re-suspended in 120 ml of 1X PBS. Ten ml of 
the washed culture was added into each mesocosm to give at starting concentration of 
~10
8
 CFU/100 ml.  
 Tetrahymena pyriformis was grown by transferring 1 ml of the ‘maintained 
culture’ into 25 ml of PPY supplemented with PAS at a ratio of 2:1 as described earlier. 
A 4-5 day old culture (5 ml) was used to inoculate 2L glass beakers filled with 1L of PPY 
and 500 ml of PAS (2:1 ratio). The beakers were covered with aluminum foil and 
incubated at room temperature, until the culture reached 10
5
 cells/ ml, which usually 
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happened at ~ day five. Cells were quantified with a hemocytometer according to the 
manufacturer’s instructions (HyClone, Pittsburg, PA). The day prior to the start of each 
experiment, T. pyriformis were concentrated by filtration using a 3.0 µm, 47 mm 
diameter nitrocellulose pore size filter. Each filter was placed in a glass beaker containing 
600 ml of PAS to re-suspend the cell and then discarded. The re-suspended cells were left 
in the PAS overnight to allow them to recover from the filtration process. On the first day 
of the experiment (day 0), 100 ml of the concentrated T. pyriformis medium) was added 
into the respective mesocosms to give a concentration of ~10
4
 cells/ml in each treatment. 
These concentrations were within the range that has been reported for indigenous 
protozoa (ciliates and flagellates) in natural waters (~10
3
-10
6
 cells/ml) (Bott and Kaplan, 
1989; Bitton, 2002). Immediately following the addition of T. pyriformis, the mesocosms 
were stirred gently and allowed to settle for about 30 minutes after which sampling for 
day 0 was conducted.  Mesocosms were then transported to the USF Botanical Gardens. 
Sampling and Processing. Experiments were carried out over a period of six days 
(day 0- day 5).  The water column was always sampled first, followed by the sediment.  
Approximately 10 ml of water was collected into 15 ml polypropylene centrifuge tubes 
while ~10 g of sediment was collected into snack size Ziploc bags and transported to the 
laboratory in a cooler, on ice for processing via membrane filtration (0.45 µm pore-size, 
47 mm diameter) (USEPA, 2002a), within one hour of sampling. Prior to membrane 
filtration, several ten-fold dilutions of each water and sediment sample were made using 
sterile buffered water (0.0425 g/ L KH2PO4 and 0.4055 g/L MgCl2; pH 7.2) as the 
diluent. Sediment was diluted 1:10 prior to the dilution process by weighing out 5 g of 
sediment (wet weight) into 50 ml of buffered water and hand shaking for 2 minutes 
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(Boehm et al., 2009b) to separate bacteria from sediment. Culturable concentrations were 
determined by plating on the following media and overnight incubation at the following 
temperatures for each bacterium; 37
°
C on LB agar (Difco Laboratories) supplemented 
with 100 mg/L kanamycin for E. coli, 41
°
C on mEI agar (Difco Laboratories) 
supplemented with 64 mg/L vancomycin for Ent. faecalis ATCC 700802 (2002b), and 
37
°
C on sorbitol MacConkey agar (Difco Laboratories) for E. coli O157:H7. On the day 
following each sampling, colonies from each plate were counted, adjusted for the dilution 
factor and expressed as log10 CFU/100 ml for water or log10 CFU/100 g for sediment. 
Data Analysis.  Bacterial concentrations from all experiments were analyzed as 
log10 CFU/100 ml or log10 CFU/100 g wet weight for water or sediment respectively. The 
change in culturable bacterial concentrations over time is presented as log10 reduction and 
is calculated using equation 1.    
                (
   
   
       )            (
   
   
       )     
Statistical analysis was conducted to compare log10 reductions at day 5 for each 
experiment.  Two-way analysis of variance (ANOVA), with Bonferonni post hoc tests, 
was used to compare the relationship between treatments and location (water or 
sediment) or treatment and bacteria type in each experiment separately (disinfection or 
competition). Comparisons were only made from mesocosm experiments conducted 
during the same season when temperatures were not significantly different. The percent 
variability attributed to different factors in each experiment (Table 1.2 and 1.3), was 
derived from the ANOVA tables generated from two-way ANOVA analysis. All 
statistical analyses were conducted using GraphPad Prism Software, version 5.02 for 
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Windows (San Diego California, USA), significant differences in means were determined 
at an alpha level of 0.05. 
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Table 2.1.  Experimental design: three replicate mesocosms (n) were run for each condition. 
 
 
Date Hypothesis Organism added (n) Average 
temperature 
Treatments  Effect of Treatment 
August 2011              Natural 
microbiota 
E. coli  ( 3)  30.2 °C +/-5 1.Disinfected
a
 No natural microbiota (DIS)  
     2.Disinfected
a
 + T. 
pyriformis 
T. pyriformis only predation 
(DIS_TP+) 
     3.Natural + T. 
pyriformis 
Natural microbiota + T. 
pyriformis (NAT_TP+) 
     4.Natural Natural microbiota (NAT)  
October 
2011 
Natural 
microbiota 
Enterococcus ( 3) 23.1 °C +/-7 Treatments 1-4 as above   
November 
2011 
Natural 
microbiota 
E. coli O157:H7 ( 3) 20.1 °C +/-5 Treatments 1-4 as above   
           
January 2011 Competition E. coli    ( 3) 11.85 °C +/- 7 1.Natural + kanamycin No competition, (COMP-)  
     2. Natural + T. 
pyriformis + kanamycin 
No competition (COMP-
TP+)  
     3.Natural + T. 
pyriformis 
Natural predation 
+  T. pyriformis  
(COMP_TP+)  
     4. Natural Natural microbiota 
(COMP+)  
        
January 2012 Competition Enterococcus ( 3) 13.6 °C +/- 7 Treatments 1-4 as above   
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Table 2.2. The proportion of variation in survival attributed to bacteria type (E. coli, E. coli O157:H7 and Ent. faecalis), 
experimental treatment (disinfection, addition of Tetrahymena)
a
 and interaction of the variables.  
 
Natural microbiota 
Experiment. %variation 
 
P value 
     
    Water Bacteria type 9.74 
 
<0.0001 
 
 
Treatment
a
 65.4 
 
<0.0001 
 
 
Interaction 19.48 
 
<0.0001 
 
      Sediment Bacteria type 60.34 
 
<0.0001 
 
 
Treatment
a
 21.79 
 
<0.0001 
 
 
Interaction 15.21 
 
<0.0001 
 
  
Post-tests among experimental treatments
a
 
 
      
  
E. coli E. coli O157:H7 Ent. faecalis 
 
   
P value 
  
  
Water   Sed. Water Sed. Water Sed. 
 
 
DIS 
    
 
DIS_TP+ <0.0001 >0.05 <0.05 >0.05 <0.01 >0.05 
 
 
NAT_TP+ <0.0001 <0.0001 <0.01 >0.05 <0.0001 <0.0001 
 
 
NAT <0.0001 <0.0001 <0.05 >0.05 <0.0001 <0.0001 
             
      
a
Disinfected (DIS), Tetrahymena added (DIS_TP+), Tetrahymena, and natural (all indigenous microbiota 
present) (NAT_TP+), and natural (NAT) 
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Table 2.3. The proportion of variation in survival attributed to bacteria type (E. coli or Ent. faecalis), experimental treatment 
(level of competition, addition of Tetrahymena)
b
 and interaction of the variables. 
 
 
Competition Experiment %variation   P value     
  
  
  
 
    
  
  
    Water Bacteria type 69.25 
 
<0.0001 
  
 
Treatment
ab
 18.54 
 
<0.0001 
  
 
Interaction  11.31 
 
<0.0001 
  
  
  
 
  
  Sediment Bacteria type 97.83 
 
<0.0001 
  
 
Treatment
ab
 1.12 
 
<0.0001 
  
 
Interaction  0.8 
 
<0.0001 
  
  
  
Post-tests among experimental treatments
b
 
  
  
  P value 
  
COMP- 
COMP-TP+ 
COMP+TP+ 
COMP+ 
  
  
E. coli Ent. faecalis 
  Water Sed. Water Sed. 
  
 
 
 
 
  >0.05 >0.05 >0.05 >0.05 
  <0.0001 <0.0001 >0.05 >0.05 
  <0.0001 <0.0001 >0.05 >0.05 
    
         
 
       aAll treatments retained the effects of natural predation 
    
b
No competition(COMP-), Tetrahymena (COMP-TP+), Competition + Tetrahymena (COMP+TP+), and 
competition (COMP+) 
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Figure 2.1. Effect of natural microbiota on FIB and pathogen survival- log10 reduction at day 5 in water column and sediment 
in E. coli, E. coli O157:H7 and Ent. faecalis. Error bars represent ±SD of the mean. For each organism, values that are not 
significantly different at an alpha level of 0.05 share a letter (a, b, c, d). Four treatments are represented on the x-axis: 
disinfected (DIS), disinfected + Tetrahymena (DIS_TP+), natural + Tetrahymena (NAT_TP+) and natural (NAT). 
  
Water Sediment
ent 
 Water 
Water Sediment
ent 
 Water 
Water Sediment
ent 
 Water 
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Figure 2.2. Effect of competition on FIB survival - log10 reductions at day 5 in water column and sediment in E. coli and Ent. 
faecalis. Error bars represent ±SD of the mean. For each organism, values that are not significantly different  at an alpha level 
of 0.05 share a letter (a, b, c, d or e). Four treatments are shown on the x-axis: no competition (COMP-), no competition + 
Tetrahymena (COMP-TP+), competition+ Tetrahymena (COMP+TP+) and competition (COMP+)  
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CHAPTER THREE: PROTOZOAN PREDATION IS DIFFERENTIALLY AFFECTED 
BY MOTILITY OF ENTERIC PATHOGENS IN WATER VS. SEDIMENTS
1 
 
Abstract 
Survival of enteric bacteria in aquatic habitats varies depending upon species, 
strain, and environmental pressures, but the mechanisms governing their fate are poorly 
understood. Although predation by protozoa is a known, top-down control mechanism on 
bacterial populations, its influence on the survival of fecal-derived pathogens has not 
been systematically studied. We hypothesized that motility, a variable trait among 
pathogens, can influence predation rates and bacterial survival.  We compared the 
survival of two motile pathogens of fecal origin (Escherichia coli O157, Salmonella 
enterica Typhimurium), each with a non-motile counterpart in outdoor microcosms with 
protozoan predators (Tetrahymena pyriformis) present or absent. Motility had a 
significant, positive effect on survival of culturable bacteria in the water column and 
sediment for S. enterica, but a significant negative effect for E. coli O157 only in 
sediment.  The presence/absence of protozoa accounted for a greater proportion of the 
variability in bacterial decline (>95%) than bacterial motility (<4%) for all bacterial 
strains in the water column and had a greater effect on S. enterica than E. coli. In 
sediments, however, motility was more important than predation. These findings 
underscore the complexity of predicting the survival of enteric microorganisms in aquatic 
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habitats, which has implications for the accuracy of risk assessment and modeling of 
water quality.   
Introduction 
Enteric pathogens such as E. coli O157 and S. enterica pose a human health risk 
when they are excreted into extra-enteric habitats. Various studies have documented their 
ability to survive for extended periods of time within secondary habitats including water, 
sediment and vegetation (Islam et al., 2004a; Islam et al., 2004b; Semenov et al., 2009; 
Oliveira et al., 2012).  Survival of enteric bacteria in secondary environments is 
influenced by both abiotic (e.g. temperature, UV radiation, sunlight and salinity) (Davies 
and Evison, 1991a; McFeters and Singh, 1991; Semenov et al., 2009; Garcia et al., 2010; 
Boehm et al., 2012), and biotic (e.g. the effects of grazing from bacterivorous protozoa 
and competition from indigenous bacteria) factors (McCambridge and McMeekin, 1980b; 
Rhodes and Kator, 1988; Menon et al., 2003a; Feng et al., 2010a; Garcia et al., 2010). 
Furthermore, differences in survival at the sub-species (strain) level have been 
documented for E. coli (Gordon et al., 2002; Topp et al., 2003; Anderson et al., 2005), E. 
coli O157 (LeJeune et al., 2004) and S. enterica (Soyer et al., 2010), although the 
mechanisms for these differences remain unresolved. The detrimental effects of 
bacterivorous predators on survival of enteric bacteria is increasingly well-established 
(Feng et al., 2010a; Garcia et al., 2010; Korajkic, 2010b; Wanjugi and Harwood, 2013); 
however, little is known about the factors that influence the rate of predation by protozoa.   
Bacterivorous predators have been shown to select their prey based on certain 
morphological characteristics (e.g. size and presence of non-edible features such as 
filaments, spirals and aggregates) (Gonzalez et al., 1990a; Simek et al., 1997; Hahn, 
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1999; Hahn et al., 1999), and non-morphological characteristics (e.g. motility, 
biochemical properties and virulence) (Matz and Jurgens, 2001, 2005; Adiba et al., 
2010). Some have reported that during periods of intense grazing by bacterivorous 
predators, bacterial community assemblages tend to shift towards smaller sized cells as 
the larger, actively dividing cells are selectively consumed (Gonzalez et al., 1990a; Hahn 
and Hofle, 1999). Other studies have shown that bacterial community assemblages can 
respond to intense grazing pressure by assuming less edible morphological motifs 
including filaments, spirals and aggregates (Hahn et al., 1999; Hahn and Hofle, 2001; 
Corno and Jurgens, 2006). Our current understanding of the selective grazing effects of 
bacterivorous predation on enteric pathogen survival is limited, as most studies have 
primarily focused on prey size rather than features such as motility. Several recent, in situ 
studies have shown that motility could be an important anti-predatory mechanism for 
autochthonous bacteria to evade grazing by protozoan predators (Matz, 2002; Matz and 
Jurgens, 2005). However, these studies have been done in small scale lab-based 
experiments, and have not included sediment and enteric pathogens in their experimental 
design.  
E. coli O157 presents a still underestimated environmental risk because of their 
potential to survive in secondary environments including soil/sediment, manure and 
water (Kudva et al., 1998; Vital et al., 2008; Wanjugi and Harwood, 2013). However, the 
majority of the research has focused on the fate of the motile E. coli O157 strain 
(reviewed in van Elsas et al (van Elsas et al., 2011)), even though the non-motile strain is 
equally virulent. For example, several disease outbreaks have been attributed to the non-
motile E. coli O157 strain (e.g. Germany in 1988; 2002) (Karch and Bielaszewska, 2001; 
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Alpers et al., 2009). Similarly, no research has evaluated the survival of the motile vs. 
non-motile S. enterica even though there are some known human health and 
environmentally relevant non-motile strains (e.g. the poultry pathogens S. gallinarum and 
S. pullorum) (Paiva et al., 2009). Understanding the impact of predation on motile and 
non-motile bacteria has significance in water quality monitoring since preferential 
predation on bacterial strains based on certain characteristics could lead to differential 
survival in the environment. Furthermore, some recent studies have reported that anti-
predatory mechanisms (e.g. motility) could act as trade-offs to virulence in pathogens 
(Friman et al., 2009).  
The objective of this study was to test the hypothesis that motility of E. coli O157 
and S. enterica Typhimurium affects predation by Tetrahymena pyriformis. An 
introduced protozoan (T. pyriformis) was used in order to maintain a consistent source of 
predation over the different experiments. Autochthonous microorganisms were removed 
to eliminate extraneous variables such as competition with bacteria, and so that consistent 
pressure from predation could be applied in all replicates.  This study was conducted in 
outdoor microcosms, each containing water and sediment, over five days. The inferences 
derived from this study are based on results obtained by methods that assess culturable 
bacteria. 
Materials and Methods 
Preparation of Microcosms. Microcosms were designed to investigate the effect 
of predation on two different types of bacteria, each with a motile and non-motile 
counterpart (see below) (Table 3.1). Since predation in natural samples can vary 
depending on when the sample was collected, disinfected microcosms (indigenous 
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protozoa and bacteria removed) with a known type and concentration of predator 
(Tetrahymena pyriformis) were used for the microcosm treatments. An allochthonous 
predation source was used instead of natural protozoa and autochthonous bacteria so as to 
provide a constant source of predation in each experiment since natural grazer levels in 
natural waters can fluctuate from one experiment to the next. Fresh water and sediment 
from the Hillsborough River were used to prepare microcosms (see Wanjugi and 
Harwood, 2013 for sample collection and preparation details).   
 Experimental Design. Two different microcosm experiments, each with different 
target bacteria (motile and non-motile counterpart were established (Table 3.1). 
Experiments were conducted in July and September (Table 3.1). Microcosms were 
sampled once daily for a period of six days. All sampling was done at the same time of 
day (9 AM). Each experiment included 12 microcosms (four treatments with three 
triplicates). Four treatments: (1) water and sediment with motile bacteria added, (2) water 
and sediment with motile bacteria and protozoan T. pyriformis added; (3) water and 
sediment with non-motile bacteria added, (4) water and sediment with non-motile 
bacteria and protozoan T. pyriformis added (Table 3.1). The average daily temperatures 
for the different experiments are listed in Table 1, and were not significantly different 
between experiments. Microcosms were established at the USF botanical gardens in 1.5 L 
glass beakers filled with ~3 cm sediment (250 g dry weight) and topped with 1 L of water 
as described in Wanjugi and Harwood, 2013.   
Bacteria and Protozoa Strains. Two bacterial types (each with a motile and a non-
motile counterpart): E. coli O157:H7 (m) / E. coli O157:H
- 
(nm) and S. enterica Serovar 
Typhimurium LT2,  and one protozoan (Tetrahymena pyriformis), were used in this study 
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(Table 3.1). E. coli O157 strains were obtained from Dr. Riordan (University of South 
Florida) andS. enterica strains were obtained from the Salmonella Genetic Stock Center 
(Alberta, Canada). Fresh cultures of T. pyriformis were obtained from Carolina 
Biological Supply Company (Burlington, North Carolina) and grown axenically as 
described in Wanjugi and Harwood, 2013. Axenic growth of T. pyriformis involved 
maintain the cultures in 15 ml polypropylene plastic tubes containing proteose peptone 
yeast extract (PPY) (5g/L proteose peptone (BD Biosciences, Sparks, MD), 5 g/L 
tryptone (BD Biosciences, Sparks, MD) , 0.2g/L K2HPO4, pH 7.2 (Thermo Fisher 
scientific, Waltham, MA) (Steinberg and Levin, 2007) containing with Page’s amoeba 
saline (PAS) (Rowbotham, 1983) at a ratio of 2:1 to diminish osmotic stress (Snelling et 
al., 2005).   
Inoculation of Bacteria and Protozoa into Microcosms. On the day before the 
experiment, bacteria were streaked on tryptic soy agar plates (TSA) (BD Biosciences, 
Sparks, MD) and grown overnight at 37
o
C. Isolated colonies were inoculated into brain 
heart infusion solution (BHI) (BD Biosciences, Sparks, MD) and incubated overnight at 
37
o
C. Overnight cultures were centrifuged at 5000 rpm for 3 minutes, and re-suspended 
in a volume of 1X phosphate buffered saline (PBS) (8 g/L NaCl (Thermo Fisher 
scientific, Waltham, MA), 0.2 g/L, KCl (Thermo Fisher scientific, Waltham, MA), 1.44 
g/L Na2HPO4 (Thermo Fisher scientific, Waltham, MA), 0.24 g/L KH2PO4 (Thermo 
Fisher scientific, Waltham, MA), pH 7.4 (Eaton et al., 2005) equal to the original culture 
volume (120 ml). After three successful washes, the culture was re-suspended in 120 ml 
of 1X PBS. A portion of the washed culture was inoculated into each microcosm to 
provide at concentration of ~10
8
 CFU/100 ml.  
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Tetrahymena pyriformis was obtained from the maintained culture (see above) 
and grown in PPY broth supplemented with PAS at a ratio of 2:1 as previously described 
(Wanjugi and Harwood, 2013). Briefly, cells were quantified with a hemocytometer 
(Thermo Fisher scientific, Waltham, MA), and were concentrated by filtration using a 3.0 
µm, 47 mm diameter nitrocellulose pore size filter (Thermo Fisher scientific, Waltham, 
MA), and were re-suspended from filters and allowed to recover(Wanjugi and Harwood, 
2013). On day 0, part of the T. pyriformis medium was transferred into each microcosm 
to provide a background density of ~10
4
 cells/ml. Concentrations used were similar to 
densities reported in other studies for indigenous protozoa (ciliates and flagellates) in 
aquatic habitats (~10
3
-10
6
 cells/ml) (Bott and Kaplan, 1989; Bitton, 2002) . After the 
addition of T. pyriformis, microcosms were set up at the USF Botanical Gardens as 
described in Wanjugi and Harwood, 2013. 
Sampling and Processing. Experiments were carried out over a period of six days 
(day 0 - day 5).  The water column was always sampled first, followed by the sediment. 
Approximately 10 ml of water was collected into 15 ml polypropylene centrifuge tubes 
(USA Scientific, Ocala, FL) while ~10 g of sediment was collected into plastic snack size  
bags (16.2 x 8.2 cm) (Walmart, Bentonville, AR) and transported to the laboratory in a 
cooler, on ice for processing via membrane filtration (0.45 µm pore-size, 47 mm diameter 
(Thermo Fisher scientific, Waltham, MA)) (USEPA, 2002a), within one hour of 
sampling. Prior to membrane filtration, several ten-fold dilutions of each water and 
sediment sample were made using sterile buffered water (0.0425 g/ L KH2PO4 and 
0.4055 g/L MgCl2 (Thermo Fisher scientific, Waltham, MA); pH 7.2) as the diluent. 
Sediment was diluted 1:10 prior to the dilution process by weighing out 5 g of sediment 
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(wet weight) into 50 ml of buffered water and hand shaking for 2 minutes (Boehm et al., 
2009b) to separate bacteria from sediment. Culturable concentrations were determined by 
plating on the following media and overnight incubation at the following temperatures for 
each bacterium; 37
°
C on LB agar (Difco Laboratories, Detroit, MI) for the E. coli O157 
strains and 37
°
C on Xylose Lysine Tergitol-4 agar (XLT4) (Difco Laboratories, Detroit, 
MI) for S. enterica strains. XLT4 is a selective differential media for isolating Salmonella 
sp (Miller et al., 1991). After a 24 hr incubation period, each sampling, colonies from 
each plate were counted andadjusted for the dilution factor.   
Data Analysis. Bacterial concentrations were analyzed as log10 CFU/100 ml or 
log10 CFU/100 g wet weight for water or sediment respectively. The change in culturable 
bacterial concentrations at day 5 (C/C0) was used to compare the survival of the bacterial 
strains over time, as it accounts for variability in the initial concentration of bacteria in 
each microcosm.  C/C0 and is calculated using equation 1 (day
5 
indicates final day of 
experiment and day
0 
indicates first day).   
                {(
   
   
            ) | (
   
   
            )} 
Statistical analysis was conducted to compare change in concentrations at day 5 
(C/C0) for each experiment. Two-way analysis of variance (ANOVA), with Bonferonni 
post hoc tests, was used to compare the relationship between motility and predation in 
water or sediment.  The percent variability attributed to different factors in each 
experiment (Table 3.1), was derived from the ANOVA tables generated from two-way 
ANOVA analysis. All statistical analyses were conducted using GraphPad Prism 
Software, version 5.02 for Windows (San Diego California, USA), significant differences 
in means were determined at an alpha level of 0.05.  Interaction plots were created to 
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provide a better understanding of the relationship between the two bacteria types in 
regards to predation and motility in water and sediment. Interaction plots were generated 
using Statistica software (version 8; Stat soft, Tulsa OK). The total number of bacteria 
associated with each location (water or sediment) was determined by multiplying the 
concentrations attributed to each microcosm at each time point (CFU/100 ml or CFU/100 
g), by the volume of water or mass of sediment added (sediment was expressed as wet 
weight). Corrections were done to account for the amount of sample removed on each 
day. 
Results  
Effect of Predation and Motility in the Water Column. 
 E. coli O157:H7/ E. coli O157:H-. While predation significantly affected the 
survival of the E. coli O157 strains in the water column (Fig 2.1B and Table 3.1), motility 
did not (Fig. 3.1 A and B and Table 3.1). At day 5, the presence of T. pyriformis (Fig. 3.1 
B) led to significantly greater declines in concentrations (about 0.5 logs) for both the 
motile and non-motile E. coli O157 strains compared to the no-predation treatments (Fig. 
3.1 A). However, the change in concentrations (C/C0) were similar for motile vs. non-
motile strains under predation (Fig. 3.2 B) or no-predation treatments (Fig. 3.2 A). 
Motility only accounted for a small percent of the variation (1.4; P<0.0751) compared to 
predation (95.8; P<0.0001) in survival of the E. coli O157 strains (Fig. 3.3 and Table 
3.2). The effect of interaction among the variables was not significant (Fig. 3.3).  
S. enterica. Unlike the E. coli O157 strains, concentrations of motile and non-
motile S. enterica increased in the water column of the no-predation treatments (Fig. 3.1 
A). However, in the presence of T. pyriformis, S. enterica decreased by a much greater 
61 
   
factor than E. coli O157 (Fig. 3.1 B). S. enterica in predation treatments (Fig. 3.2 B) 
experienced significantly greater declines (C/C0) than those without T. pyriformis (Fig. 
3.2 A). The non-motile S. enterica strain consistently survived or grew more poorly than 
the motile strain in all treatments (Fig. 3.2). Even though predation accounted for the 
majority of the variation in survival (95.6; P<0.0001), motility was a significant factor 
(4.1; P<0.0001) (Fig. 3.3 and Table 3.2). The effect of interaction among the variables 
was not significant (Fig.3.3).  
Effect of Predation and Motility in the Sediment. In general, all of the bacterial 
populations survived better in the sediment (Fig. 3.1 and 3.2, panels C and D) compared 
to the water column, as little decrease and, in  many cases, increases in concentration 
were observed over time. It should also be noted that in the sediment phase, the percent 
variation attributed to each variable (predation or motility) only explains 90% of the 
variation while they explain close to 100 % of the variation in the water column. The 
remaining percent that is not is attributed to motility or predation is the residual. The 
residual in sediment is slightly greater than that in the water column as expected because 
there tends to be more variation among the replicates in the sediment than in the water 
column (see Figs 3.1 and 3.2). 
E. coli O157:H7/ E. coli O157:H-. Predation had a negative effect on the 
survival of the motile E. coli O157 strain but not on the non-motile strain in sediments 
(Fig. 3.1 C and D). Specifically, the addition of T. pyriformis decreased the survival of 
the motile E. coli O157 strain by about 0.25 logs, while predation did not have a 
significant effect on the non-motile strain (Fig. 3.2 C and D; Table 3.2). The non-motile 
E. coli O157 strain maintained significantly greater levels than the motile strain (Fig. 3.2 
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C and D). Motility accounted for a significant and dominant percent of the variation 
(58.3; P<0.0008) while predation was a significant, but less important factor (16.8; 
P<0.0225) (Fig. 3.3 and Table 3.2).  The effect of interaction among the variables was not 
significant (Fig. 3.3). 
S. enterica. S. enterica strains increased in concentration over time in sediments 
in all the treatments, even in the presence of predation (Fig. 3.1 C and D). The greatest 
increase was observed in the motile strain in the absence of predation (Fig. 3.2 C). 
Predation had a significant negative effect on S. enterica levels, i.e., both motile and non-
motile S. enterica increased less in predation treatments (Fig. 3.2 D) compared to the no-
predation treatments (Fig. 3.2 C).  Motility of the strains was an important factor, as the 
motile strains increased significantly more over time than the non-motile strains in the 
corresponding treatments (Fig. 3.2 C and D). Motility accounted for most of the variation 
in comparison to predation (41.1; P<0.0004 vs. 49.5; P<0.0002) (Fig. 3.3 and Table 3.2).  
The effect of interaction among the variables was not significant (Fig. 3.3).  
Relationship between Bacteria Concentrations in the Water and Sediment. We 
calculated the total CFU to determine the  relationship between bacteria concentrations in 
water and sediment in order to determine whether the changes observed were attributable 
to actual decline or to relocation of bacteria from one matrix to the other (Figs. 3.4 and 
3.5). Over time, bacteria concentrations associated with each matrix follow the same 
trend as those reported in figures 3.1and 3.2, .i.e. concentrations generally decreased in 
the presence of predation, but increased or declined more slowly when predation was 
absent. Most of the grazing by protozoa was localized within the water column as 
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expected, particularly for the S. enterica strains. Bacteria concentrations in the sediment 
remained high even when predation was present especially in the S. enterica strains. 
Discussion 
Many studies have documented that predation is an important top-down 
mechanism regulating bacterial concentrations in aquatic environments (Pernthaler, 2005; 
Korajkic, 2010b; Jousset, 2012; Wanjugi and Harwood, 2013). Anti-grazing mechanisms 
(e.g. motility) may allow bacteria to evade grazing from bacterivorous protozoa in the 
environments (Pernthaler, 2005; Jousset, 2012); however, to date, few studies have 
quantitatively assessed the difference in survival of motile vs. non-motile bacterial 
counterparts in water or sediment of aquatic habitats, even though motile and non-motile 
bacteria types have been shown to be relevant to human and ecosystem health (Karch and 
Bielaszewska, 2001; Alpers et al., 2009; Paiva et al., 2009; van Elsas et al., 2011).  
In order to test our hypothesis that motility affects predation of motile vs. non-
motile bacteria, we assessed the survival of E. coli O157 and S. enterica strains in 
outdoor microcosms containing water and sediment over a period of five days. While the 
study conditions were intended to reflect natural conditions as much as possible within 
the constraints of the experimental design, e.g. by using natural river water and 
sediments, the results should be interpreted with caution since an allochthonous protozoa 
source was .added in place of natural predators. Although the amount of T. pyriformis 
added in this study is similar to the range that has been reported for indigenous grazers in 
natural waters (ciliates and flagellates), the grazing levels reported in this study could be 
higher than in natural environments since natural waters do not contain 100% grazers of 
enteric bacteria. Autochthonous bacteria were intentionally removed to eliminate the 
64 
   
potentially confounding effect of competition. Previous studies have shown that 
competition can have a detrimental in the survival of FIB such as E. coli in water and 
sediment (Korajkic et al., 2013a; Wanjugi and Harwood, 2013). While baking of the 
sediment to remove autochthonous microbes may have altered nutrient availability, it was 
necessary to clearly test the effect of predation and motility on bacterial survival. 
  In the water column, motility had a positive effect on the survival of both 
pathogens; however, the effect was only significant in S. enterica. Motility could be an 
influential factor in the survival of S. enterica but a less important factor in E. coli O157 
in the water column. Preferential grazing of motile bacteria over non-motile bacteria has 
been reported in other studies  (Matz and Jurgens, 2003, 2005), however, these studies 
were performed in the laboratory (controlled culture systems) on autochthonous aquatic 
bacteria (Matz and Jurgens, 2003, 2005) in contrast to this study. Matz and Jurgens (Matz 
and Jurgens, 2005) reported that highly motile bacteria (Acidovorax sp.) accumulated in a 
continuous culture compared to moderately motile bacteria (Pseudomonas rhodesiae cp 
17) during grazing by a mixture of bacterivorous nanoflagelates. There are other studies 
that have provided contrasting conclusions on the relationship between bacterial motility 
and predation rates; for example, Gonzalez et al. (Gonzalez et al., 1993) reported higher 
grazing rates on motile bacteria in aquatic laboratory microcosms, both when species 
with different motility speeds were compared, and when live vs. heat-killed bacteria of 
the same species were tested. These findings argue against generalizing the effect of 
motility on bacteria survival in the presence of predation. Ultimately, the effect of prey 
motility seems to vary depending on the grazing consortium and the bacteria type (s) 
used. 
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To the best of our knowledge, this is the first study to provide insight on the 
survival of different motile and non-motile pathogens of fecal origin in sediment, which 
is an important reservoir for fecal bacteria (Byappanahalli et al., 2003a; Byappanahalli 
and Fujioka, 2004; Anderson et al., 2005; Badgley et al., 2010b; Badgley et al., 2010a). 
Motility had the opposite effect on the two species, i.e., in the S. enterica strains the 
effect of motility was positive while it was negative in E. coli O157. Similar to the water 
column, motility could be an important factor in the survival of S. enterica in the 
sediment. The observation that motility had a negative effect on E. coli O157 in 
sediment was un-expected. Since our motile strain has a H7 antigen while the non-
motile does not, we hypothesize that perhaps some fitness trade-offs between motility 
and virulence could occur as has been shown elsewhere (Friman et al., 2009). Overall, 
the effect of motility in both pathogens was small compared to the effect of predation by 
T. pyriformis in the water column but the reverse was true in sediment. This finding is 
surprising since the speed of motile, autochthonous bacteria has been shown to be 
reduced in sediment compared to the water column, even though the percent of bacteria 
swimming and engaging in chemotactic behavior is comparable (Fenchel, 2008). The 
reduction of the speed of motility in sediment is attributed to the closeness of sediment 
particles, which reduces swimming speeds and facilitates temporary attachment of 
bacteria to sediment particles (Fenchel, 2008).  
 The negative effects of protozoan grazers on E. coli O157:H7 (motile strain) 
concentrations in the water and sediment by protozoan grazers have been reported in 
some recent studies (Avery et al., 2008a; Wanjugi and Harwood, 2013), but the survival 
of E. coli O157 (non-motile strain) in both water and sediment has not been documented. 
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(Wanjugi and Harwood, 2013) recently showed significant declines of E. coli O157:H7 in 
the water column but extended grazing in sediment in an experiment utilizing simulated 
fresh water microcosms. In this study, we report equally significant declines of both E. 
coli O157 strains in the water column but not in the sediment. Specifically, the motile E. 
coli O157 strain was affected by predation in sediment while the non-motile strain was 
not. Lack of grazing on the E. coli O157 by bacterivorous predation on in sediment could 
mean extended persistence of this strain in the environment compared to its motile 
counterpart, and suggests against generalization on the survival of E. coli O157 strains in 
secondary environments. Unlike E. coli O157, S. enterica strains experienced significant 
declines in presence of protozoan predators both in the water column and sediment 
suggesting that they are equally susceptible to grazing by bacterivorous predators in both 
locations as opposed to E. coli O157.    
The incorporation of sediment into this study introduces the possibility of 
relocation of bacteria from the sediment to the water column as has been shown to occur 
elsewhere (Wu et al., 2009) . Care was taken during the experiment to ensure to mitigate 
the transport of bacteria from one location to the other (see Methods). Our results with 
total bacteria concentrations (water and sediment)  suggest that minimal relocation is 
happening between the water and sediment since the total concentrations in the water 
column and sediment follow the same trend as the non-adjusted ones (not normalized 
based on volume and mass).  
In general, the impacts of biotic factors (e.g. predation by bacterivorous predators) 
are an important piece of the puzzle for understanding the ecology and survival of enteric 
bacteria in aquatic habitats. Our understanding of biotic impacts on bacteria with 
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different morphological characteristics remains limited. This data gap is a major 
impediment to predicting the impact of fecal pollution on human and ecosystem health. 
This study represents a step in closing that gap, although generalizable conclusions await 
further studies involving more bacterial strains and natural protozoan assemblages.   
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Table 3.1. Bacteria types/strains used for the different microcosm experiments. The designation ‘m’ represents the motile 
strain while the designation ‘nm’ represents the non-motile strain 
 Experiment  Dates  Temperatures [°C] Strains/designation Missing Gene 
1  7/15-7/20/11 29.8 +/-3.1 E. coli O157:H7 (m)   
    E. coli O157:H- (nm)  H7 flagellar antigen 
2 9/1-9/7/11 29.2+/-3.8 S. enterica Typhimurium LT2 
1412 (m
a
)  
 
    S. enterica Typhimurium LT2 
2084 (nm
b)  
Flic gene  
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Table 3.2. Percent variation in survival attributed to motility and predation in the various bacteria types/strains in the water 
column (top panel) and sediment (bottom panel). Bolded values represent the factor (predation or motility) which accounted 
for most of the variation for each bacteria type/strain.  
 Water     
   E. coli O157  S. enterica  
 % Variation P value % Variation P value 
Interaction 0 0.9248 0.04 0.03705 
Predation 95.79 <0.0001 95.57 <0.0001 
Motility 1.44 0.0751 4.07 <0.0001 
     
 Sediment    
 E. coli O157  S. enterica  
 % Variation P value % Variation P value 
Interaction 8.07 0.0862 0.01 0.9379 
Predation 16.76 0.0225 41.11 <0.0004 
Motility 58.3 0.0008 49.52 <0.0002 
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Figure 3.1. Concentration (Log10 CFU/100ml or 100g wet weight) when predation was absent (panels A and C) or present 
(panels B and D) for E. coli O157 and S. enterica over a five day period. Top panels depict the water column, while bottom 
panels depict sediment. Non-motile strains = nm, Motile strains = m, O157 = E. coli O157 and Sal = S. enterica . Dotted lines 
represent the non-motile strains while the continuous lines represent motile strains. Error bars represent standard deviation of 
the mean.     
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Figure 3.2. Survival (C/C0) for non-motile and motile E. coli O157 and S. enterica strains in the absence (Panels A and C) or 
presence of predation (Panels B and D) at day 5. Top panels depict the water column while bottom panels depict sediment. 
Non-motile strains = nm. Motile strains = m. Error bars represent standard deviation of the mean.   
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Figure 3.3.  Interaction plots showing the effect of predation and motility on the survival of E. coli O157 and S. enterica at day 
5 in the water (A and B) and sediment (C and D). Panel A and C: Motile and non-motile E. coli O157 and S. enterica strains in 
the absence of T. pyriformis (TP-). Panel B and D: Motile and non-motile strains in the presence of T. pyriformis (TP+). Error 
bars represent standard error of the mean. 
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Figure 3.4. Total CFU by location (water or sediment) for motile and non-motile E. coli O157 strains. Gray shading for water 
column values extends along the entire y axis. Top panels show results for non-motile strains while bottom panels represent 
motile strains. Panels A and C show treatments without predation. Panels B and D show treatments with predation present.     
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Figure 3.5. Total CFU by location (water or sediment) for motile and non-motile S. enterica strains. Gray shading for water 
column values extends along the entire y axis.  Top panels show results for non-motile strains while bottom panels represent 
motile strains. Panels A and C show treatments without predation. Panels B and D show treatments with predation present.    
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THE INTERPLAY BETWEEN PREDATION, COMPETITION AND NUTRIENT 
LEVELS INFLUENCES THE SURVIVAL OF ESCHERICHIA COLI IN AQUATIC 
ENVIRONMENTS 
 
Abstract 
Human and animal fecal contamination is assessed in surface waters by fecal 
indicator bacteria (FIB), which may survive for extended periods in secondary habitats 
such as environmental waters and sediments. Factors influencing their persistence in 
aquatic environments are complex, and include solar radiation, predation, competition 
and nutrient availability. We assessed the relative magnitude of effects of predation, 
competition, and nutrient levels on the survival of Escherichia coli in outdoor mesocosms 
made with natural river water over a five day period. Nutrient levels were manipulated by 
adding glucose (18 or 90 mg/L), pyruvate (8.3 or 41.3 mg/L), acetate (6.2 or 30.8 mg/L), 
trace elements and vitamins (0.1 or 0.5%). A control treatment with no added nutrients 
was included. Biotic treatments were 1) natural biota removed (disinfected) and 2) 
natural microbiota retained (includes predation and competition). The effect of predation 
and competition was also assessed separately by adding cycloheximide or kanamycin to 
inhibit natural protozoa and indigenous bacteria, respectively. Predation, competition and 
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nutrients all had significant effects (P<0.001) on E. coli survival; however, predation 
accounted for more of the variation (38%) compared to nutrients (26%) and competition 
(16%). Significant interactions among predation, nutrients and competition (all possible 
combinations) were observed. Interactions between predation and nutrients and predation 
and competition accounted for the greatest effects (10% and 8% respectively) while   
interactions between competition and nutrients only accounted for a small effect (0.1%). 
The nutrient-predation interaction was particularly striking, i.e., predation caused about a 
5 log decline in E. coli concentrations at the lowest and intermediate nutrient levels, but 
only about a 2 log decline at the higher nutrient level, in comparison to the disinfected 
control. The diminished effect of predation at high nutrient levels was un-expected, and 
could enhance the survival of FIB and pathogens in aquatic habitats, resulting in serious 
implication for water quality monitoring.   
Introduction 
Fecal indicator bacteria (FIB) such as E. coli are widely used as indicators of fecal 
contamination in marine and estuarine waters around the United States (USEPA, 2006). 
One of the assumptions for the use of FIB as surrogates for fecal contamination is their 
presence correlates with that of fecal associated pathogens, and that they do not persist or 
reproduce in the environment outside their primary hosts (Field and Samadpour, 2007; 
Boehm et al., 2009a; Harwood et al., 2013). Furthermore, it is also assumed that high 
levels of FIB in natural waters are associated with a recent fecal contamination event 
(Boehm et al., 2009a). However, this is not always the case as some FIB can survive or 
replicate in secondary habitats including in ambient waters, sediment, and vegetation 
(Davies and Evison, 1991a; Byappanahalli et al., 2003a; Ishii et al., 2006a; Badgley et al., 
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2010b; Badgley et al., 2010a). Survival and growth of FIB in secondary habitats presents 
a challenge for water quality monitoring since it may increase the disconnect between 
indicator and pathogen concentrations (Boehm et al., 2009a; Dorevitch et al., 2010). 
Understanding the fate of FIB in secondary habitats remains one of the major hurdles to 
overcome in order to improve the predictive relationship between indicators and 
pathogens (Field and Samadpour, 2007; Stoeckel and Harwood, 2007; Dorevitch et al., 
2010; Harwood et al., 2013). 
 Various factors can influence the persistence of FIB in the environment including 
presence of bacterivorous predators, availability of nutrients and competition from 
indigenous bacteria (McCambridge and McMeekin, 1979; Mc and McMeekin, 1980; 
LeChevallier and McFeters, 1985; Barcina et al., 1997; Menon et al., 2003a; 
Byappanahalli and Fujioka, 2004; Feng et al., 2010a; Staley et al., 2011; Korajkic et al., 
2013b; Korajkic et al., 2013a; Wanjugi and Harwood, 2013). Predation has been 
demonstrated to be an important determinant of bacterial survival in the environment, 
accounting for up to 90% of bacterial mortality in aquatic habitats (Menon et al., 2003a). 
Similarly, competition from indigenous bacteria has been shown to be an influential 
factor in bacterial survival (Enzinger and Cooper, 1976; McCambridge and McMeekin, 
1979, 1980b; LeChevallier and McFeters, 1985; Byappanahalli and Fujioka, 2004; Feng 
et al., 2010a; Korajkic et al., 2013a; Wanjugi and Harwood, 2013) Recent mesocosm and 
microcosm studies have shown that the effects of competition from indigenous bacteria 
on FIB are often greater for E. coli compared to Ent. faecalis (Feng et al., 2010a; 
Wanjugi and Harwood, 2013), which has been attributed to the greater diversity of 
carbon sources that can be used by Ent. faecalis compared to E. coli (Byappanahalli and 
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Fujioka, 2004). Availability of nutrients can have various effects on the survival of 
bacteria, including facilitating their proliferation in ambient waters or starvation when 
nutrients are limited (Barcina et al., 1997; USEPA, 2000; Surbeck et al., 2010). While the  
effects of nutrient availability, protozoan grazing and competition from indigenous 
bacteria on FIB have been reported by some studies  (Anderson et al., 1983; Davies et al., 
1995; Barcina et al., 1997; Feng et al., 2010a; Surbeck et al., 2010; Korajkic et al., 2013b; 
Korajkic et al., 2013a; Wanjugi and Harwood, 2013), the relative importance of these 
effects on FIB survival in ambient waters are not well characterized.  
Some studies have shown that the relative importance of effect of predation and 
competition on bacteria survival varies depending on nutrient supply (Bohannan and 
Lenski, 2000; Matz and Jurgens, 2003; Corno, 2006; Corno and Jürgens, 2008; Hall et 
al., 2008; Hiltunen and Laakso, 2013). For example, some authors have proposed that in 
eutrophic environments, predation is the most important factor in regulating bacteria 
biomass while in oligotrophic environments, competition is more important factor (Gasol, 
1994; Pace and Cole, 1994; Thingstad, 2000; Gasol et al., 2002; Pernthaler, 2005; Corno, 
2006; Surbeck et al., 2010).  However, the majority of these studies have not included 
FIB in the experimental design.  
Nutrient availability can also influence predation indirectly e.g. studies have 
shown that nutrients can impact bacterial cell size and morphology, which indirectly 
influences the resistance or vulnerability of certain prey to protozoan grazers (Hahn and 
Hofle, 1999, 2001; Corno, 2006; Corno and Jurgens, 2006). For example, excess 
nutrients can trigger the formation of certain morphologies e.g. filaments that are in-
edible to protozoan grazers (Simek and Chrzanowski, 1992; Matz and Jurgens, 2003; 
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Corno and Jurgens, 2006; Thelaus et al., 2008). Alternatively, nutrient limitations can 
trigger the formation of smaller, actively diving cells that are within the edible prey range 
of protozoan grazers (Hahn and Hofle, 1999, 2001; Corno and Jurgens, 2006). 
Differential susceptibility of bacteria to protozoan grazing could result in the survival of 
some strains of one FIB phylotype and not others, which limits the ability of the indicator 
concept to predict human health risks (Anderson et al., 2005). Some authors have also 
reported that there could be tradeoffs between the ability to compete for nutrients and the 
ability to resist grazing from protozoan grazers (Bohannan et al., 2002). 
The objective of this experiment was to assess the relative importance of 
nutrients, predation and competition on the survival of E. coli in river water. Outdoor 
fresh water mesocosms containing different biota treatment combinations were amended 
with a series of nutrient levels and monitored for a period of five days. Natural un-
amended water served as a baseline to which nutrients were applied. Biota treatments 
were manipulated to include either predation or competition, both or neither.   
Materials and Methods 
Sample Collection and Preparation. Fresh water from the Hillsborough River (see 
Wanjugi and Harwood, 2013 for sampling details) were used to prepare mesocosms for 
this study. Samples were collected on the day prior to mesocosm set up and allowed to 
equilibrate over night at room temperature before bacteria were added. Mesocosms were 
designed to investigate the relative effects of predation, competition and different 
nutrients levels on bacteria survival in mesocosms in fresh water outdoor mesocosms 
(Table 4.1). Disinfected treatments (DIS) were prepared by removing natural microbiota 
(natural protozoa and indigenous bacteria) from natural waters via filter sterilization with 
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a 0.45 and 0.22 µm nitrocellulose pore size filters. Predation (COMP-) and competition 
(PRED-) only treatments were prepared by adding kanamycin (300mg/l) and 
cycloheximide (200mg/l) to inhibit indigenous bacteria and natural protozoa respectively. 
Disinfected and kanamycin treated samples were tested by on tryptic soy agar (TSA). 
Culturable microorganisms on TSA plates on both sample sets were negligible (<5 
cfu/100 ml).  
Experimental Design. To assess the combined and separate effects of predation 
and competition in the presence of three different nutrient levels, three mesocosm 
experiments, conducted on separate weeks were designed (Table 4.1). In total there were 
four unique treatments in the experimental design, with each week consisting of two 
different treatments (Table 4.1). The unique treatments were as follows: 1) natural fresh 
water retaining the effect of predation and competition (NAT) 2) disinfected fresh water 
(effect of both predation and competition was eliminated as previously described) (DIS), 
3) predation only treatments (effect of competition was eliminated by the addition of 
kanamycin) (COMP-), and 4) competition only treatments (the effect of predation was 
eliminated by the addition of cycloheximide) (PRED-). 
 The breakdown of treatments according to week was as follows: week 1: un-
altered fresh water retaining the effect of predation and competition (NAT) and 
disinfected fresh water (DIS), week 2: un-altered fresh water retaining the effect of 
predation and competition (NAT) and competition only treatments (PRED-), week 3: un-
altered fresh water retaining the effect of predation and competition (NAT) and predation 
only treatments (COMP-). Each experiment/week consisted of 18 samples (two 
treatments, each with three replicates and three nutrient levels). 
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Nutrient levels added to each experiment were as follows: a no nutrient added 
treatment (0X), a 1X nutrient addition, and a 5X nutrient addition. 1X and 5X nutrient 
levels (1X and 5X) were created by adding glucose (18 or 90mg/L), pyruvate (8.3 or 
41.3mg/L), acetate (6.2 or 30.8 mg/L), trace elements and vitamins (0.1 or 0.5%) to the 
each mesocosm. The additives at each nutrient level (0X and 1X) were designed to 
simulate nutrient levels in fresh water systems such as the Hillsborough River at the time 
when sampling was conducted. The 5X nutrient level was selected simulate situations 
where an influx of nutrients can occur. 
The average daily temperatures for the different experiments are listed in Table 1. 
Temperatures among the three experiments were not significantly different (Table 1).  
Total organic carbon (TOC) and turbidity for the sampling locations (collected once a 
week during the sampling period) were obtained from the United States Geological 
Service (USGS) National Water Information System Interface 
(http://nwis.waterdata.usgs.gov/fl/nwis/qwdata). All mesocosms were established in 1.5 L 
glass beakers filled topped with I L of water as described in Wanjugi and Harwood, 2013. 
Briefly, 1L beakers containing different treatments were placed in autoclave buckets 
which were filled with tap water and transported to the USF greenhouse. All beakers 
were placed in an open greenhouse to facilitate for sunlight exposure. Transparent film 
was used to cover all beakers in order to avoid contamination and allow for sunlight 
exposure.   
Inoculation of Bacteria into Mesocosms. One bacterial type (E. coli K12 MG155) 
was used for all mesocosms in this study (Table 4.1).  Prior to each experiment, E. coli 
was streaked on tryptic soy agar plates (TSA) and incubated overnight at 37
o
C. Isolated 
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colonies were inoculated into tryptic soy broth (TSB) and incubated overnight at 37
o
C. 
Overnight cultures were centrifuged at 5000 rpm for 3 minutes, and re-suspended in a 
volume of 1X phosphate buffered saline (PBS), pH 8.0 (Eaton et al., 2005) equal to the 
original culture volume (120 ml). This step was repeated once and the washed culture 
was re-suspended in 120 ml of 1X PBS. Ten ml of the washed culture was added into 
each mesocosm to give at starting concentration of ~10
8
 CFU/100 ml. Immediately 
following the addition of E. coli, the mesocosms were stirred gently and allowed to settle 
for about 30 minutes after which sampling for day 0 was conducted.  Mesocosms were 
then transported to the USF Botanical Gardens.  
Sampling and Processing. Sampling was conducted over  a period of five days 
(day 0- day 5) as described in Wanjugi and Harwood, 2013. At each sampling, water 
samples were collected in centrifuge tubes  and transported to the laboratory in a cooler, 
on ice for processing via membrane filtration (0.45 µm pore-size, 47 mm diameter) 
(USEPA, 2002). Prior to sample processing, ten-fold dilutions of the fresh water sample 
were prepared using sterile buffered water (0.0425 g/ L KH2PO4 and 0.4055 g/L MgCl2; 
pH 7.2) (APHA, 1992). The dilutions were subsequently plated on mTEC media and 
incubate overnight at 37
°
C on mTEC agar (Difco Laboratories)  (USEPA, 2002). On the 
day sampling, colonies from each plate were enumerated, adjusted for the serial dilution 
and final densities determined (log10 CFU/100 ml). 
Data Analysis. Bacterial concentrations from all experiments were analyzed as 
log10 CFU/100 ml. The change in culturable bacterial concentrations over time is 
presented as at day 5 or as at days 1-5 (C/C0) and is calculated using equation 1. Type II 
ANOVA or repeated measures ANOVA were used to determine  the percent variation 
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attributed to each factor (predation, competition and nutrients), as well as the interaction 
effects attributed  each factor at day 5 or over time. Curves showing the change in 
concentrations over time as a function of both protozoa and bacteria presence and 
absence (Fig 4.3) were fitted using loess (non-parametric linear regression).The bands 
around the curves were set to represent 95% confidence intervals. Differences among 
slopes within treatments were assessed using GraphPad Prism Software, version 5.02 for 
Windows (San Diego California, USA). All other statistical analyses were conducted 
using The R project for statistical computing, Version 3.0 (Vienna, Austria). Significant 
differences in means were determined at an alpha level of 0.05. 
                {(
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            )} 
Results 
We assessed the importance of predation, competition and nutrients on the 
survival of E. coli in outdoor mesocosms containing various treatments combinations 
(Table 1). The results presented here compare the treatments (NAT, PRED- and COMP-) 
against the disinfected control (DIS) at all three nutrient levels either at day 5 (Fig 4.1 
and Fig 4.2) or over time (Fig 4.3). The three NAT treatments were not significantly 
different over the three sampling times; therefore, one NAT treatment (week 3) was 
selected for comparison purposes (Fig. 4.1). Turbidity and total organic carbon data were 
also monitored at the sampling site in order to determine the variability in environmental 
conditions during the sampling period. Turbidity readings ranged from 0.9-1.7 NTU 
while TOC readings ranged from ~3-6 mg/L during the period of sampling.  
Cumulative Effect of Treatment (Predation or Competition) on E. coli Survival. 
Significant detrimental effects on E. coli survival were observed in the treatments 
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retaining the effect of natural microbiota (predation or competition) (NAT, COMP- and 
PRED-) compared to the disinfected controls (DIS) (Fig 4.1) after five days. The largest 
declines in E. coli concentrations were observed in the treatments representing the effect 
of predation alone or predation and competition (COMP- and NAT). Specifically, these 
effects were greatest at the lowest nutrient levels (0X, 1X; ~5 log decline) and lowest at 
the highest nutrient level (5X; ~3 log decline) (Fig.4.1). Similarly, the treatments 
retaining the effect of competition alone (PRED-) also resulted in significantly higher 
detrimental effects compared to the disinfected controls (>4 log decline); however, the 
decline was much smaller compared to treatments retaining predation alone or predation 
and competition at all nutrient levels (NAT and COMP-) (Fig 4.1). Comparatively, 
predation accounted for the greatest effects (38%), followed by nutrients (26%) and then 
competition (16%) (Table 4.2).   
  Cumulative Effect of Nutrient Addition on E. coli Survival Nutrient addition had 
a significant positive effect on E. coli survival after five days in all the treatments 
including in the disinfected controls, i.e. the smallest declines in E. coli concentrations 
were observed at the highest nutrient level (5X) while the largest declines were observed 
at the lowest nutrient levels (0X, 1X) (Fig.4.1). The magnitude of the effect of nutrient 
addition on E. coli survival varied depending on the biota treatment. For example, the 
significant positive effect of nutrient addition was more profound in the treatments 
retaining predation and competition (NAT) or predation alone (COMP-) compared to the 
treatments retaining competition only (PRED-). Specifically, the highest nutrient level in 
both predation treatments saw a ~2 log decline in E. coli concentrations while the lower 
nutrient levels saw much greater declines (~5 logs) compared to the disinfected controls. 
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In contrast, the competition only treatment (PRED-) saw a ~3 log decline at the highest 
nutrient level and a ~4 log decline in the lower nutrient levels compared to the disinfected 
controls (Fig. 4.1) .   
Interactions among Predation, Nutrients and Competition. Significant interactions 
were observed among all factors and in all possible combinations after five days (P<0.05; 
Table 4.1). Interactions between predation and nutrients and predation and competition 
accounted for the greatest effects (10% and 8% respectively) while the interactions 
between nutrients, competition and predation, and competition and nutrients only 
accounted for a small although significant percent of the variation (<0.1%). The nutrient-
predation interaction was particularly striking; at lower nutrient levels predation caused 
about a 5 log decline but only about 2 log decline at the higher nutrient level, in 
comparison to the disinfected control. In the absence of predation (PRED-), the 
heightened effect of nutrients was not observed (Fig 4.2) 
Change in E. coli Concentrations over Time. The change in E. coli concentrations 
over time (Log10 C/CO day
1
-day
5
) as a factor of predation, competition and nutrient levels 
was also assessed (Fig 4.3). In general, the slopes were linear, and the trends were similar 
to those noted for the cumulative effects through day 5. The greatest declines in 
concentrations over time were seen in the treatments retaining the effect of predation (Fig 
4.3). Specifically, in both of the treatments retaining the effect of predation, the greatest 
declines in E. coli concentrations were seen in the lowest and intermediate nutrient levels 
while highest nutrient level maintained the highest E. coli concentrations over time. 
Interestingly, removing the effect of competition (see predation only treatment) seemed 
to make the lowest and intermediate levels more similar to one another, while keeping the 
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effect of competition (see competition and predation treatment) changed the slope of the 
curves at the highest nutrient level. 
In the presence of competition alone, significant declines in E. coli concentrations 
compared to the controls were also observed; however, these declines were much lower 
than in the treatments retaining the effect of predation. Furthermore, the effects of 
nutrient addition in the competition only treatments followed a proportional response 
over the course of time, unlike the treatments retaining the effect of predation (bottom 
panels) (Fig 4.3).   
To determine the average rate of decline/day in each treatment, the slopes of each 
line/treatment on Figure 4.3 were also assessed (Table 4.3). The slope data reflects the 
same trends that are seen on Figure 4.2. For example, the smallest average declines per 
day are seen in the treatments lacking the effect of predation and competition while the 
largest slopes are seen in the treatments retaining the effect of predation (NAT or COMP-
) (Table 4.3). Similarly, the slope data also showed greater declines in E. coli 
concentrations at the lower and intermediate nutrient levels nutrients compared to the 
highest nutrient levels in the treatments retaining competition (COMP- and NAT).   
The difference among slopes within each treatment (NAT, PRED- COMP-, DIS) 
for the three nutrient levels was also compared. Within the treatments, slopes derived 
from different nutrient levels were significantly different from one another (p<0.05) 
except the slopes between the intermediate and highest nutrient levels in the disinfected 
treatment (DIS) and the slopes between the lowest and intermediate nutrient levels in the 
predation and competition (NAT) treatment (Table 4.3) 
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Discussion 
Grazing from  bacterivorous protozoa and competition from indigenous bacteria 
play a poorly understood role in regulating bacterial biomass and nutrient cycling in 
ambient waters (Jurgens and Matz, 2002; Pernthaler, 2005; Jürgens, 2007; Jousset, 2012). 
Several studies have shown that grazing by bacterivorous protozoa and competition from 
indigenous bacteria are influential factors in the declines of FIB and pathogens in both 
fresh and salt water habitats (McCambridge and McMeekin, 1979; Mc and McMeekin, 
1980; Feng et al., 2010; Surbeck et al., 2010; Korajkic et al., 2013a; Wanjugi and 
Harwood, 2013); however, these studies have not elucidated the relative contribution of 
predation, competition and nutrients on the survival of E. coli. Understanding the relative 
importance of these factors is necessary in order to improve our understanding of the fate 
and survival of E. coli in secondary habitats, and their efficacy as predictors of human 
health risks in recreational waters.  
We selected a nutrient range for the mesocosms that would reflect nutrient 
concentrations in ambient waters in a Florida fresh water system during dry and wet 
seasons (typically ~5-35 mg/L dissolved organic carbon (DOC)) (USGS National Water 
Information System Interface, (http://nwis.waterdata.usgs.gov/fl/nwis/qwdata), and a 
nutrient level above the typical range (>5-35  mg/L) A control treatment containing only 
background DOC levels (~5 mg/L) served as a baseline to which nutrients were added in 
two increments. Intermediate and highest levels were created by adding a consortium of 
organic nutrients yielding a total DOC of 37.5 mg/L and 167.1 mg/L (See methods for 
details on individual constituents). Comparatively, our nutrient levels were much lower 
than the nutrient levels in commonly used liquid and solid laboratory media such as 
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tryptic soy broth (TSB) or R2A. TSB constitutes of various nutrients including 2.5 g/L 
glucose, 17 g/L peptone, and 3 g/L Soytone. Similarly, R2A, a solid agar medium used to 
culture bacteria from aquatic environments including drinking water contains much 
higher nutrient levels including 0.5 g/L yeast extract, 0.5 g/L peptone, 0.5 g/L glucose 
and  0.5 g/L starch   (Reasoner and Geldreich, 1985). An artificial sewage recipe 
recommended by the USEPA contains a mean DOC of about 100 mg/L (USEPA, 2008), 
which was within the range of our highest nutrient amendment. 
Here we show a significant interaction of nutrient level with the presence of 
predatory protozoa. Specifically, predation by bacterivorous protozoa  facilitated the 
declines of E. coli concentrations as expected; however, the magnitude of decline 
depended on the nutrient level added, i.e. in all the treatments, the declines in E. coli 
concentrations were greater at the lowest nutrient level and lowest at the highest nutrient 
level. Interestingly, treatments retaining the influence of predation showed a strong 
interaction with nutrient addition in the sense that the treatments retaining the influence 
of predation caused about a 5 log decline in E. coli concentrations at the lowest and 
intermediate nutrient levels, but only about a 2 log decline at the higher nutrient level, in 
comparison to the disinfected control.  
We can advance several hypotheses to explain the mitigation of the predation 
factor at the highest nutrient level. First, grazing by protozoa produces substrates which 
can be used by nutrient-starved autochthonous bacteria, or autochthonous bacteria can 
benefit indirectly from the enhancement of primary production, (e.g. from the re-
mineralization of NH4
+
 from bacterial cells after predation which promotes primary 
production) (Caron et al., 1988). Growth of autochthonous bacteria relieves pressure on 
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E. coli by providing alternative food sources for protozoa. (Hahn and Hofle, 2001). 
Second, the abundance of nutrients can alter the morphologies of bacterial communities 
making some bacteria more susceptible or resistant to grazing compared to others (Hahn 
and Hofle, 2001; Corno and Jurgens, 2006; Thelaus et al., 2008; Yao et al., 2012). For 
example, some authors have shown that nutrient rich media can trigger a change in the 
morphology of E. coli cells towards faster and larger cells (Yao et al., 2012). Size-
selective grazing on smaller cells compared to larger cells has been shown to occur 
(Simek and Chrzanowski, 1992; Hahn et al., 1999; Hahn and Höfle, 2001; Corno and 
Jurgens, 2006). Third, the abundance of nutrients could supply protozoa with alternative 
food sources so they do nothave to exclusively feed on bacteria, i.e. they can be 
omnivorous and feed on a variety of other food substrates including dissolved organic 
carbon, detritus, smaller protozoa (flagellates or ciliates) or algae (Harvey and Smith, 
1973; Jürgens, 2007).  
Reduction of predation at increased nutrient levels as shown in this study can 
have various implications on water quality monitoring. For example, some authors have 
shown that some agrochemicals (e.g. chlorothalonil) can enhance bacterial survival 
indirectly by reducing the effect of predation (Staley, 2013). If predation pressure is 
reduced and high nutrient levels are present, this could favor the prolonged survival 
and/or proliferation of FIB and pathogens in aquatic habitats (USEPA, 2000). Most 
importantly, several authors have shown that E. coli O157 is a better survivor than many 
wild type E. coli strains in water and sediment (Jenkins et al., 2011; Staley, 2013; 
Wanjugi and Harwood, 2013). Greater survival of pathogens such as E. coli O157 
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compared to FIB in aquatic habitats could present a major problem for water quality 
monitoring and the assessment of public health risks associated with fecal contamination.   
Unlike predation, competition played a much smaller, albeit significant effect on 
E. coli survival as evidenced by the small effect attributed to competition vs. predation 
(16 vs. 38%). We propose that scarcity of nutrients (since both E. coli and indigenous 
bacteria were sharing the same nutrient pool) was able to keep E. coli concentrations in 
check even at the highest nutrient level in the treatments retaining the effect of 
competition alone. Other authors have reported on the relative importance of predation 
and competition in mesocosm studies containing water and sediment, showing that 
predation was more important than competition on the survival of E. coli; however, 
nutrients levels were not varied in those studies (Korajkic et al., 2013a; Wanjugi and 
Harwood, 2013).  
To the best of our knowledge, this is the first study to compare the relative effects 
of predation and competition on a FIB where the effects of nutrients were varied. Other 
authors who have assessed the direct effects of nutrient addition on FIB (E. coli and Ent. 
faecalis) in waters amended with various carbon substrates found that the addition of 
carbon substrates either increased FIB survival (Wcisło and Chróst, 2000; Surbeck et al., 
2010), or in other cases, had no effect (Lim and Flint, 1989). For example, in a stream 
receiving inputs from runoff and treated and disinfected waste water effluent, Surbeck et 
al. (2010) showed that the concentrations of two FIB (E. coli and enterococci) decreased 
with time when DOC and phosphorous concentrations were below 7 and 0.07 mg/L 
respectively, while they increased steadily or maintained a steady state above that 
threshold (Surbeck et al., 2010). Similarly, Wcislo and Chrost (2000) also reported that 
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enrichment of water with labile nutrients (yeast extract) triggered a rapid increase of E. 
coli concentrations (Wcisło and Chróst, 2000). In another study, the addition of carbon 
sources (glucose, glycerol, succinate, acetate and lactose) and phosphate did not increase 
the survival of E. coli in the unfiltered samples compared to the controls (Lim and Flint, 
1989). Neither of these studies partitioned the relative effects of predation and 
competition in the water samples. 
In summary, this study provides new information and opens compelling questions 
on the interplay of competition, predation, and nutrient levels with respect to E. coli 
survival in aquatic habitats. In general, our results suggest that E. coli survival is 
proportional to nutrient concentrations in the absence of predation and competition; 
however, as biotic complexity increases, the interplay between predation, competition 
and resource availability becomes more important. This study presents new knowledge 
on the factors influencing the fate of E. coli, and also offers information that could be 
used to improve the efficacy of E. coli as a predictor of fecal-associated pathogens. 
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Table 4.1. Experimental overview showing conditions for each experiment. River water was used for all treatments. DIS= all 
natural microbiota removed, NAT= all natural microbiota present, PRED- = predation removed but competition retained; and 
COMP- = competition removed but predation retained.    
 
  
Experiment Date of Experiment Temperature Range (ºC)  Treatment Abbreviation 
1 4/27-5/2/12 21.7+/-6.8  Unaltered or disinfected NAT or DIS 
2 5/13-5/18/12 25.0+/-4.7  Cycloheximide added or not NAT or PRED- 
3 5/23-5/28/12 27.3+/-5.8  Kanamycin added or not NAT or COMP- 
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Table 4.2.  Type II ANOVA analysis showing the interaction and percent variation attributed to nutrients, predation and 
competition at day 5   
         
  Variable SS Df F Pr(>F) % Variation   
 
         
 
Nutrient 70.5 2 1365.24 <0.0001 0.2617 
  
         
 
Protozoa 103 1 3987.97 <0.0002 0.3823 
  
         
 
Bacteria 42 1 1627.11 <0.0003 0.156 
  
         
 
Nutrient:Protozoa 27.5 2 532.68 <0.0004 0.1021 
  
         
 
Nutrient:Bacteria 0.3 2 6.68 0.00502 0.0013 
  
         
 
Protozoa: Bacteria 23.8 1 923.11 <0.0001 0.0885 
  
         
 
Nutrient:Protozoa:Bacteria 0.6 2 11.3 0.0004 0.0022 
  
           Residual 0.6 24     0.0023   
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Table 4.3. Mean rate of E. coli decline ((Log10 C/C0) per day.as a function of treatment in the lowest, intermediate and highest 
nutrient levels (1, 2, 3) respectively DIS= all natural microbiota removed, NAT= all natural microbiota present, PRED- = 
competition alone treatments and COMP- = predation alone treatments. Standard deviations are shown in parenthesis. Within 
treatments, slopes that are marked with the same letter are not significantly different from one another (p<0.05)  
 
  
 
Treatment 
   
Nutrient Level DIS PRED- COMP- NAT 
1 -0.3 (± 0.031)
 a
 -1.19 (± 0.09)
 a
 -1.81 (±0.09)
 a
  -1.61 (± 0.04)
 a
 
2 -0.11 (± 0.02)
 b
 -0.91 (± 0.05)
 b
 -1.57 (± 0.08)
 b
 -1.58 (± 0.05)
 a
 
3 -0.05 (± 0.02)
bc
 -0.74 (± 0.05)
 c
 -0.61 (± 0.06)
 c
 -0.62 (± 0.07)
 c
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Figure 4.1. E. coli declines (C/C0) at day five in each of the treatments. DIS= all natural microbiota removed, NAT= all 
natural microbiota present, PRED- = competition alone treatments and COMP- = predation alone treatments.    
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Figure 4.2. E. coli declines (C/C0) at day five as a function of both protozoa and bacteria absence or presence in the lowest, 
intermediate and highest nutrient levels (1, 2, 3) respectively. DIS= all natural microbiota removed, NAT= all natural 
microbiota present, PRED- = competition alone treatments and COMP- = predation alone treatments 
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Figure 4.3. Change in E. coli concentrations over time (Log10 C/C0)  as a function of both protozoa and bacteria presence and 
absence in the lowest, intermediate and highest nutrient levels (1, 2, 3) respectively. Curves are fitted using loess. The bands 
around them are 95% confidence intervals.  
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